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1.  Introduction 

It  is  well  known  that  the  particle  transport  phenomenon 
is  the  main  cause  of  degeneration  of  a  confined  plasma. 
The  analysis  of  the  anomalous  fluxes,  i.e.  fluxes 
produced  by  micro-fluctuations,  is  of  great  interest  in 
elucidating  the  dynamics  of  such  phenomenon.  In  this 
work  the  local  particle  flux  produced  by  electrostatic 
fluctuations  is  measured  by  using  digital  correlation 
techniques.  For  this  reason  it  is  important  to  know  how 
such  a  particle  flux  is  distributed  in  space  and  how  it 
behaves  under  different  plasma  conditions. 

In  this  work  we  have  analysed  the  electrostatic 
fluctuation-induced  particle  transport  in  the  toroidal 
magnetoplasma  Thorello. 


2.  Diagnostic  methods  and  results 

The  local  particle  flux  is  defined  by 


M  1  t/2  iT  iT 

r(x)=  lim  Z -  Jn(x,  —  +t)v'(x,  —  -l-t)  (6) 
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Fig.l:  Spectral  distribution  of  the  anomalous  flux  and  averaged  phase 
angle  in  units  of  n  between  the  density  fluctuation  and  the  floating 
potential  measured  at  r=3.5  cm. 


r(x,t)=<  n()c,t)  v(x,t)  > 


(1) 


Since  y(x,t)  is  the  drift  velocity  and  is  given  by 


where  n(x,t)  is  the  instantaneous  local  plasma  density, 
v(x,t)  is  the  instantaneous  mean  velocity  of  the  plasma 
particles  contained  in  the  Debye  sphere  centred  at  x  and 
<  >  is  a  well  suited  temporal  average  over  a  time 
domain  (t  -T/2,t+T/2)  ,  where  T  is  a  time  interval  such 
that  1/T  is  a  frequency  much  smaller  than  the  smallest 
frequency  of  the  density  fluctuations. 

It  is  customary  to  decompose  n(x,t)  and  y(x,t)  into  two 
parts: 


,,  E’a.OxB  ,„8 

i!'U,t)  = - ; - 10 


(7) 


the  anomalous  flux  can  be  written 


^  2  10?7dco  E 

E'  (■s)  =  S 

to, dm  M— _  j  MTB  ^271  B 


n(x.t)  =  no(x,t)  +  n’(x,t)  (2a) 

y(x,t)  =  yi,(x,t)  +  y’(x,t)  (2b) 

where  y()(x,t)  <  y(x,t)  >,  and  no(x,t)  =  <  n(x,t)  >  so  that 


•Im[n  *'(i.co)())  '(A,m)] 
i  i 

where  n(x,ro)  and  i|)(x,ro)  are  the  Fourier  transforms  of 
density  and  plasma  potential  respectively  and  k(m)  is  the 
dispersion  relation.  The  quantity 


E(x,t)  =  Eofx.t)  +  E’(x,t) 


where 


Eo(x.t)  =  <  no(x,t)  yn(x,t)  > 


(3) 

(4) 


r  (X)  = 
(o.do) 


M2  10° 

im  Z - 

^i=l  MTB 


£  *  dco 

k((0)x— Im(n  ’  (x.o))it>  '(x,0)))  — 
£1  i  2n 


(9) 


is  called  normal  particle  transport  flux  and 

E’0t,t)=  <  n’(x,t)  y’(x,t)  >  (5) 

is  called  anomalous  or  fluctuation-induced  particle 
transport  flux  (cross  products  vanish  by  definition  of 
.y’(i4)  and  n’(x,t)). 

If  we  consider  a  steady-state  plasma  the  flux  is 
independent  of  time  and  we  can  write 


can  be  viewed  as  the  contribution  to  the  anomalous  flux 
of  the  fluctuations  with  frequency  comprised  between 
m'2jt  and  (o>fdto)/27t. 

Once  the  discretisation  of  the  integrals  is  made  we  find 
(from  now  on  we  consider  the  radial  component  of  the 
flux) 
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E' 

(0  , 
n 

•Im[n  *’(x,a)  )(|)  '(x,a>  )] 
i  n  i  n 

(D  =  Acd  •  n 
n 


M 


(X)  =  I  ™ 
A(o  i  =  1  mb 


10  w  ^  B 
k(co  )x-- 


(10) 


where  n=l  ,..N  and  N  is  the  number  of  subdivisions  of 
the  time  interval  T. 


Fig.2:  Spectral  distribution  of  the  anomalous  flux  and  standard 
deviation  normalised  to  the  flux  at  r=3.5  cm. 


The  measurement  is  performed  by  synchronous 
acquisition  on  a  digital  oscilloscope  on  three  pins  (that 
we  label  1,  2,  3)  such  that  pins  1  and  2  are  disposed 

along  the  radial  direction  and  pin  1  and  3  in  the  £- 
direction  and  elongated  by  a  distance  of  0.6  cm.  Pins  1 
and  2  are  floating  potential  probes  whereas  pin  3  is 
negatively  biased  to  -18V  and  measures  ion  saturation 


+ 

current  I  ,  which  is  related  to  the  plasma  density  to  a 
good  approximation  by  the  formula 


n'(x,t)  = 


n  (x) 
0 


I 

0 


(11) 


The  experiment  is  carried  out  in  the  toroidal  device 
Thorello  (whose  major  and  minor  radii  are  R=  40  cm 
and  r=  8  cm  respectively)  which  produces  magnetised 
hydrogen  plasma  in  steady-state  conditions.  Typically 
obtained  plasma  parameters  for  a  toroidal  magnetic  field 
of  IkG  are:  Tg=l  eV,  Tj=0.3  eV,  edge  plasma  density= 

10^  cm"^,  centre  plasma  densityslO**  cm'^,  neutral  gas 
pressure  P=10''*  mbar. 

The  data  are  composed  by  32768  records  with  base 
time  T  =  20  psec,  each  containing  the  readouts  of  the 
three  pins.  In  the  analysis  we  have  chosen  N=128  and 
M=256. 


Fig.  1  shows  a  typical  flux  spectrum  together  with  the 
averaged  phase  angle  between  (l)’(x,t)  and  n’(x,t)  in  units 
of  jc.  The  main  contribution  to  the  flux  is  in  the 
frequency  range  below  lOkHz  and  is  directed  outward. 
Fig.  1  also  shows  that  in  the  fi'equency  range  below  10 
kHz  the  phase  angle  ranges  between  0.6  7C  and  0.8  Ji, 
indicating  the  presence  of  dissipative  effects  (a  value  of 
0.5  is  expected  when  the  drift-type  electrostatic 
fluctuations^  are  colHsionless).  In  Fig.2  the  normalised 
standard  deviation  of  the  flux  as  a  function  of  (O  shows 
that  in  the  frequency  range  below  10  kHz  the 
measurement  is  statistically  meaningful.  On  the  contrary, 
when  the  frequency  is  above  10  kHz,  ([>’(21.1)  and  n’(x,t) 
are  completely  uncorrelated  and  the  signal  has  to  be 
considered  as  statistical  noise. 

Fig.3  shows  the  integrated  anomalous  flux  and  the 
averaged  (in  to)  phase  angle  for  different  radial 
positions.  The  anomaly  of  the  flux  profile  around 
r=3.5cm  is  in  correspondence  with  the  shear  layer.  Such 
a  behaviour  in  this  region  will  be  the  argument  of  a 
future  work. 

The  data  analysed  are  in  substantial  agreement  with  the 
results  of  other  groups^  '*. 


Fig.3:  Integrated  anomalous  flux  and  integrated  phase  angle  as  a 
function  of  depth 
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1.  Introduction 

Perfluoropropane(C3Fs)  in  the  perfluoroalkanes, 
„+2(n=l, 2,3,4),  is  frequently  used  as  one  of  effective 
etchants  in  semiconductor  etching  processes  and  it  is  also 
used  as  gaseous  media  in  gas  discharge  switches  and 
radiation  detectors[l].  And  an  accurate  set  of  low- 
energy  electron  collision  cross  section  data  is  required  to 
the  quantitative  modelings  of  the  related  plasmas. 

Pirgov  and  Stefanov[2]  derived  a  momentum  transfer 
cross  section  and  a  total  vibrational  excitation  cross 
section  for  the  molecule  from  the  electron  swarm  data 
measured  by  Hunter  et  o/.[3]  by  using  a  two-term 
approximation  of  the  Boltzmann  analysis,  which  may  not 
be  valid  for  molecules  with  large  vibrational  excitation 
cross  sections.  There  are  also  new  measurement  of  the 
ionisation  and  attachment  cross  sections  for  the 
molecules  by  Chantry  and  Chen[4]. 

It  is,  therefore ,  worth  while  at  this  stage  to  determine  a 
new  set  of  cross  section  data  for  the  C3F8  molecule.  To 
that  purpose,  we  firstly  measured  the  drift  velocity,  W, 
and  the  product  of  the  gas  number  density  and  the 
longitudinal  diffusion  coefficient,  ND^,  of  electrons  in 
C3F8-Ar  mixtures, 

2.  The  method  of  measurement 

The  present  measurement  of  the  electron  transport 
coefficients,  W  and  NDl,  in  5.05%  C3F8-Ar  mixture  over 
the  E/N  range  from  0.03  to  10  Td  and  gas  pressure  range 
from  1.33  to  122  kPa  were  carried  out  by  the  double 


shutter  drift  tube  with  variable  drift  distance(l-10  cm), 
and  the  experimental  apparatus  and  procedure  were  the 
same  as  used  in  the  works[5]. 

The  electron  drift  velocity  W  is  derived  from  the 
relationship  between  the  peak  time  of  each  arrival  time 
spectrum  of  electrons(ATS)  and  the  longitudinal 
diffusion  coefficient  Dl  is  determined  from  the 
relationship  between  the  characteristic  width  of  each 
ATS  and  the  drift  distance.  An  typical  example  of  ATS  in 
5.05%  C3F8-Ar  mixture  is  shown  in  Fig.  1 . 
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Fig  1  An  example  for  arrival  time  spectra  of  electrons 
measured  in  5.05%  C3F8-Ar  mixture 
All  measurements  were  carried  out  at  room  temperature, 
300  ±2K.  For  the  measurements  spectrally  pure  C3F8 
molecule  gas(purity  99.99%)  and  Ar  (99.9999%)  were 
used,  and  the  mix  ratio  of  C3F8-Ar  mixtures  was 
determined  by  the  gas  chromatography  test. 


3.  The  result  of  measurement 


The  results  of  the  present  measurements  are 
summarized  in  Fig.  2  and  3,  Each  symbol  shows  the 
measured  values  of  the  transport  coefficient  determined 
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at  several  gas  pressures.  Typical  scatters  of  the  measured 
coefficients  at  each  E/N  were  less  than  1%  for  the  drift 
velocity  and  less  than  8%  for  the  NDl  in  the  present 
measurement. 


E/tJCTd) 

Fig,  2,  W  as  a  function  of  E/N  in  the  5.05%  C3Fjj-Ar 
mixture 


EjWfrd) 


Fig.  3.  NDi^  as  a  function  of  E/N  in  the  5  .05%  CjFj-Ar 
mixture 

In  both  figures  also  shown  are  the  respective  transport 
coefficients  in  pure  argon[5]  by  solid  curve  for 
comparison.  The  measured  drift  velocity  in  the  mixture  is 
enhanced  more  than  an  order  of  magnitude  by  adding  the 
small  fraction  of  CjFj  from  that  in  pure  argon  and  shows 
clearly  the  so-called  Negative  Differential  Conductivity 
(NDC)  indicating  a  strong  contribution  from  the 
vibrational  inelastic  processes  of  CiF*  over  the  E/N  range 
from  2  to  8  Td  in  the  mixture.  The  measured  NDl  in 


mixture  also  show  clear  contribution  of  the  molecular 
additive  in  argon. 

4.  Discussion 

We  have  measured  electron  transport  coefficients  in  the 
5.05%  CsFg-Ar  mixture  over  the  E/N  range  from  0.03  to 
10  Td. 

We  will  continue  the  measurement  of  electron  transport 
coefficients  in  this  mixture  for  wider  E/N  range  and  also 
in  the  0.5%  CjFj-Ar  mixture  and  in  pure  CsF*.  After 
completion  of  the  measurements,  we  will  try  to 
determine  an  accurate  set  of  electron  collision  cross 
section  for  CaFg  molecule  by  comparison  of 
measurement  and  calculation  using  a  multi-term 
Boltzmann  analysis[6]  in  the  electron  transport 
coefficients  in  CjFg-Ar  mixtures  and  in  pure  CsFg 
molecule. 
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The  fourth-order  viscosity  tensor  can  be  obtained  as 
the  inverse  of  another  fourth-order  tensor,  given  by 
the  stress  balance  equation  [1],  For  the  inversion  a 
suitable  set  of  five  orthogonal  fourth-order  projectors 
is  most  convenient.  Of  Braginskii’s  [2]  five  tensors 
only  some  are  orthogonal  and  merely  two  are  projec¬ 
tors,  whereas  the  set  of  Hess  [3]  has  both  properties. 

Second-order  tensors 

Gyrotropic  second-order  tensors  with  a  common  ax¬ 
ial  unit  vector  b,  e.g.  electrical  and  heat  conductivi¬ 
ties  for  a  magnetoplasma,  have  a  common  complete 
set  of  orthogonal  projectors  [4] 

Po:=6f>,  P±i  ;=  ^(l-66±ibx  I)  (1) 

=  P^i  =  P^i  =  Re  Pi  ±  i  Im  Pi 
with  the  orthonormality  and  completeness  relations 

e=-i 


Fourth-order  tensors 

The  stress  balance  equation  [1]  is  of  the  form 

aU  +  ,d[6  X  U  +  (6  X  U)^]  =  V  (6) 

with  U  and  V  as  symmetric  tracefree  tensors.  Be¬ 
cause  of  these  two  properties  we  replace  aU  by 
:  U  with  the  fourth-order  reducer  [3] 

^(4)  j{m  _  L  I  _.  I  o  I  _  L  I  (7) 

where  the  symmetrizer  has  been  expressed  with 
a  Kronecker-like  double-symmetrizing  commutative 
ring  product  defined  as 

4aia2  o  f>ifc2  ■=  +  ^>1®!  )(o2fi2  +  ^>202)  (8) 

=  46ii>2  °  oioz 

The  five  fourth-order  symmetric  projectors  [3]  [4] 

ef  =  E  E  p. » -  t"  = 


where 

«  =  Po  +  2  RePi  (3) 

is  the  unit  tensor. 

The  momentum  balance  equation  (and  the  balance 
equation  for  the  heat  flux)  has  the  form  (see  [5]  with 
(1)  and  (2)) 

aa  +  X  a  =  (al  +  l3b  x  \)  ■  a 

^(a-i/i/?)P^  0  =  0(4) 


and  is  solved  by  dot  multiplication  with  the  inverse 
tensor  as 


where  the  orthonormality  and  the  completeness  (2) 
of  the  set  P^  has  been  employed.  A  set  Po,  2  Re  Pi,  2 
Im  Pi  would  not  be  suitable  for  this  procedure,  since 
2  Im  Pi  =  6  X  I  is  not  a  projector  and  Re  Pi  is  not 
orthogonal  with  Im  Pi. 


are  tracefree,  orthogonal  and  complete: 

=  (10) 

X 

The  tensor  6  x  U  -f  (6  x  U)^  in  the  stress  balance 
equation  (6)  can  be  written  for  any  (even  nonsym- 
metric)  U  as  [4] 

tx  X  — )  =(2fcxlol):U  (11) 

where  the  fourth-order  tensor  2bx  lol  has  the  spectral 
representation  [4] 

2  2 

26  X  I  o  I  =  -f  =  -2*  ^  A  Re  (12) 

A=-2  A=1 

With  the  spectral  representations  (10)  for  and 
(12)  for  26  X  I  o  I  the  stress  balance  equation  (6)  has 
the  form 


(aI><‘'42/?6xlol)  :  U  = 


:  U  =  V 

(13) 
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with  the  solution,  analogous  to  (5), 


A 


a  —  iXP 


:  V 


This  was  achieved  with  the  orthogonality  and  the 
projector  property  (10)  of  the 
In  contrast  to  the  (9)  only  some  of  Braginskii’s 
tensors  [2] 

:=  P^^\  :=  2  Re  P^*'>  +  Re  Pi  I 

:=  2  Re  pI‘^\  —  2  Im  P^^\ 

’  :=  2  Im  (15) 

are  orthogonal  and  only  and  are  projec¬ 
tors,  analogous  to  the  statements  following  (5)  for 
the  second  order  tensors  Re  Pi  and  Im  Pi.  There¬ 
fore  the  solution  method  (13)  (14)  cannot  be  used 
with  Braginskii’s  tensors  (15)  instead  of  Hess’ 
tensors  P^^  (9). 

Explicit  results  for  the  stress  tensor 
To  express  the  fourth-order  projector  =  Po  o 
Po  +  2P+1  o  P_i  —  i||  (9)  we  need  from  (1)  and  (8) 
Po  o  Po  =  PqPo  and 

4P+1  o  P_i  =  4Pi  o  P^  =  (Pi  P[)  (Pf  +  Pi) 

=  (l-Po)(l-Po).  (16) 

After  some  arrangements  one  obtains 


and  therefore  with  Pq  =  hh(l) 

Po‘^’:V=  bb-U\-bb)  (6V-6- i  trace  V). 
^  0 

(18) 

For  the  other  four  double  contractions  :  V  in  the 
solution  (14)  we  need  the  expressions  for  (P^  o  Pj,)  : 
V,  cf.  (9).  The  definition  (8)  of  the  ring  product  and 
the  relation  Pj  =  P_^  (1)  yields 

2(P^  o  P,,)  :  V  =  Pi,  •  •  P_i,  -H  P„  •  ■  P_i,  (19) 

with  :=  (V  “j“  V  )/2  35  the  syimnct/ric  p3>rt  of  V. 


With  the  definitions  (1)  and  (9)  we  obtain 
2P^l  :\f^bb-  V'^  -h  V'^  ■  66  -  266  •  •  66 

±.(6  X  V'^  ■  66  -  66  •  V'®  X  6)  (20) 

and 

^Pii  ■  V  =  V^-66  V'^-V'*-66-|-6xV^x6-f66  V-^-66 
±i(6  X  -  V’  X  6  -f  66  V'S  X  6  -  6  X  ■  66)  (21) 

Combining  P^'*^  -f  P^"^^  as  well  as  Pj^^  — 

P^l  =:  we  write  the  solution  (14)  for  the  stress 

tensor  as 


U 


-f  a/?Df  ^ 
Q2-I-A2/32 


:  V 


:  V 


For  a  strong  magnetic  field  (/?  »  a)  the  dominant 
term  Pg'*^  :  V  (18)  gives  opposite  contributions  par¬ 
allel  and  perpendicular  to  the  direction  6  of  the  mag¬ 
netic  field. 
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The  differential  ionization  cross-section  of  the 
hydrogen-like  atom  by  a  fast  electron  in  a 
homogenous  eleetric  field  i  was  obtained  in  the 
nonrelativistic  Bom  approximation. 

To  determine  differential  cross-section 
asimptotes  of  the  wave  function  proposed  in  the 
Ref.[l]  were  used. 

A  longitudional  (along  e )  current  density  of  the 
electrons  calculated  by  these  functions  is  zero,  if  the 
electrons  are  between  their  turning  points  in  a 
homogenous  electric  field  and  the  atomic  nucleus, 
and  this  longitudional  current  density  is  nonzero  if 
electrons  are  on  opposite  side  from  the  atomic 
nucleus  (along  i ). 

We  have  chosen  the  direction  of  the  external 
electric  field  i  along  the  z-axis:  i  =  (0,0,-8)  and 

have  assumed  that  this  field  exists  in  the  region  of 
the  space  with  the  coordinates  z  >  -L  where  L  is  the 
distance  between  an  atomic  nucleus  and  a 
homogeneous  electric  field  boundery. 

When  the  energy  of  the  scattered  electrons 
Ej  >  eeL  we  have  used  the  wave  functions  [2]: 


'P  =  A  S  ■*  exp  i 


where  the  vector  X  =  (k,Xz)  defines  the  current 


z  E 

density  j  of  electrons;  S  =  — ■  h — ^ ;  p  = 

p  eep 


—  -i-esL ;  r  ,-e,  me  are  the  radius-vector,  the 

charge  and  the  mass  of  an  electron.  In  a 
homogeneous  electric  field  there  exist  the  final  states 
of  electron  with  E^«eeL.  The  wave  function 
asimptotes  [1]  of  these  states  are 


.  2S^  Tt  „ 

sin  - -H—  ,if  z  <0 

3  4 


e.xp(ik^r) 


We  assume  that  a  homogeneous  electric  field  is 
considerably  less  then  the  atomic  one  therefore  the 
normal  state  wave  function  of  the  atomic  electron 


can  be  written  as 


(  4  is  the  radius- 


if  z>0. 


vector  of  the  atomic  electron,  a  =  /(Ze^m^) ). 

Using  these  wave  function  (1),  (2)  for  both  a 
primary  electron  and  final  states  of  an  atomic 
electron  we  can  obtain  the  ionization  cross-section 
da  of  a  hydrogen-like  atom  by  a  fast  electron: 

da  =  ^ A|Tpdod^k, ,  k^  =  -  k^^  - 1 

(we  use  the  Coulombic  units),  where  Z  is  the  atomic 
number;  k,  =  and  k=(kj^,j2E^)  are 

the  initial  and  final  wave  vectors  of  a  primary 
electron;  k^  is  the  wave  vector  of 

atomic  electron,  when  it  is  in  the  final  state;  do  is 
the  spatial  angle  element  containing  the  vector  k ; 
d’ic,  =k^dk,do3;  do^  =  sin G^dB^dcp^ ,  where  (pa  is 
the  angle  between  k^  and  kjj^  ;  6^  is  the  angle 
between  k^  and  z-axis. 

The  mathematical  form  of  the  T  depends  on  the 
relation  between  E^,  E^  and  eL . 

If  8^  «  E3^,E,,  «  eL  ,  then 

j  R_exp(-i[Y| -Yai])  M_exp(i[7| -ty„i]) 
2q^{l+Q?f  "  2q^(l  +  ^:f 

R,exp(-i[y,  -t-y,,])  M,exp(i[7|  -y,,]) 

2q:(l  +  Qi)^  2q!(l  +  X:f 

,  2Lexp(-i[y,+y,,])  P  exp(-iy,,) 

q!(l  +  Q!F  ^  + 

"f*’-  exp(-iYa,)  . 

^  (1  +  W.j  (l  +  W^j 

where  q^  =k,  -k„  ;  k^  =(k^,±7^)  ; 
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Fig.  1 .  (p=0  ,  e=0  , 

00=1.37386  ,ko=40,62019 ,0=1.48  ,k=40  ,ka=7. 


2  -.-x-v'i  1/ 


(l  +  wjj  (l+w^j 


and  finally  T  =  — - - ^  ,  if  E,,E^  >  eL  . 

q.(i+Q.) 

All  these  expressions  are  reasonable  if  k.k,  » 1 
which  is  in  accordance  with  Bom  approximation  . 

We  have  used  the  numerical  methods  for  the 
analysis  of  this  cross-section. 

The  numerical  results  were  compared  with  the 

32k 

cross-section  da  = - - r-dod^k. 


k,(znq^4l  +  Q;f)' 


(when  e  =  0 )  and  represented  as  the  surfaces 

- - =  F(o,,(pA.  These  surfaces  are  shown  in 

dodk^do,  ^ 

Fig. 1-3. 


2.35619  - - 

Fig.  3.  9=0.00 1 ,8=0.0 1  ,  L=  1 000 
00=1.37386, kc=40.62019 ,0=1.48  ,k=40  ,ka=7. 

As  may  be  seen  from  these  diagrams,  the 
ionization  cross-section  of  the  hydrogen-like  atom  by 
a  fast  electron  in  a  homogenious  electric  field  may  be 
essentially  different  from  the  similar  ones  in  the 
absence  of  this  field. 

The  authors  express  their  gratitude  to 
A.A.Ruhadze  for  the  discussion  of  the  results. 
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1.  Introduction 

In  this  last  few  years  a  great  deal  of  experimental  and 
theoretical  work  has  been  done  on  the  dynamics  and 
kinetics  of  elementary  heterogeneous  reactions,  such 
as  the  dissociative  chemisorption  of  simple  molecules 
and  the  atom  recombination  on  surfaces  [1].  These 
reactions  are  in  fact  of  fundamental  importance  in  a 
very  broad  field  of  technological  applications,  from 
classical  catalysis  to  plasma/wall  processes  ( including 
CVD,  etching,  deposition  ).  The  kinetics  of  such 
processes,  in  particular  the  processes  due  to  the 
interaction  of  plasmas  with  solid  target,  is  very 
complex,  but  nevertheless  very  often  the  rate 
determining  step  of  the  overall  reaction  scheme  is  an 
elementary  reaction,  such  as  the  the  dissociative 
chemisorption  of  simple  molecular  species  or  the 
production  of  energetically  active  diatomic  molecules 
(Hj,  CO,  N^,..)  formed  via  atom  recombination  on  the 
wall.  Under  operative  conditions  controlled  by  gas 
diffusion  [2],  gas-surface  processes  could  also  play  a 
key  role  in  the  reaction  kinetics  not  only  in  the 
gas/wall  interface,  but  also  in  the  bulk  phase  of  the 
reactor.  Despite  their  importance,  collisional  data,  i.e. 
reaction  probability  or  rate  constants,  relevant  to 
gas/surface  processes  are  rather  sparse. 

We  have  recently  undertaken  an  extensive  theoretical 
investigation  on  the  CO  formation  catalysed  by  a 
platinum  surface: 

C  +  O  +  Pt(lll)  -->  [CO(v,j)]^^^  +  Pt(lll)  +AE 

(I) 

This  reaction  could  be  an  efficient  source  of  active 
CO  molecules  as  well  as  an  important  loss  mechanism 
of  C  and  O  atoms  from  the  gas-phase.  In  this 
contribution  we  report  some  of  the  results  obtained  in 
our  study. 


2.  Collisional  model  and  Results 

We  have  followed  a  semiclassical  molecular  dynamics 
approach  [3]  that  has  been  applied  for  the  description 
of  several  atom/molecule-surface  interaction 
phenomena.  Aecording  to  this  approach  the  C  4-  0  +Pt 
collision  dynamics  is  described  by  simultaneously 
solving  the  Hamilton  equations  of  motion  for  the 
carbon  and  oxygen  atoms  together  with  the  time 
dependent  Schrpdinger  equations  for  the  (vibrational) 
motion  of  the  surface  Pt  atoms.  In  our  model  a 
fraction  of  the  energy  released  in  the  reaction  can  be 
directly  transferred  to  the  surface  (  phonons  ),  while 
the  remaining  part,  usually  the  largest  one,  can  be 
redistributed  among  the  rotational,  vibrational  and 
translational  motions  of  the  formed  CO.  In  this  work 
we  have  reexamined  the  potential  energy  surface  used 
in  previous  studies  [3]  on  the  basis  of  the  experimental 
determinations  made  on  the  vibrational  normal  modes 
of  CO  adsorbed  on  Pt(lll)  [4].  In  the  calculations  we 
assume  that  the  carbon  and  the  oxygen  atom 
recombines  according  to  the  Eley-Rideal  mechanism. 
Therefore,  reaction  (1)  is  simulated  by  assuming  the 
oxygen  atom  in  a  specific  adsorption  site  in  thennal 
equilibrium  with  the  Pt  surface  (the  surface 
temperature  is  kept  constant,  Ts=300K).  The  carbon 
atom  hits  the  surface  at  different  initial  kinetic 
energies  with  an  incident  angle  0=45°  from  the 
surface  normal.  One  of  the  most  important  aspect  of 
wall  reactions  is  the  influence  of  the  geometry  of  the 
adsorption  site  on  the  catalytic  behaviour  of  the 
surface.  We  have  therefore  explored  such  effect  by 
placing  the  oxygen  in  different  surface  sites. 

Some  of  the  main  results  obtained  in  this  study  are 
reported  in  Table  1.  Here  the  probabilities  for  the 
different  reaction  products  are  reported  for  three 
different  oxygen  adsorption  sites  and  two  impact 
energies,  E^^^,  of  the  carbon  atom.  In  site  {a}  the 
oxygen  is  placed  on  top  of  a  platinum  atom,  while  the 
cartesian  coordinates  (A)  for  site  (P)  and  (y)  are  (x=- 
1,  y=0,  z=3)  and  (  x=-2,  y=0,  z=3  )  respectively  ( the 
top  surface  layer  is  in  (x,y,z=0)  plane). 
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Table  la-b.:  Reaction  probabilities  for  the  process: 

C  +  Oad  +  Pt  — >  products 

for  three  different  oxygen  adsorption  sites  ( see  text ). 

is  the  initial  kinetic  energy  of  the  gas-phase 
carbon  atom.  The  surface  temperature  is  Ts=300K 


l.OeV 

Products: 

(a)* 

(b) 

(c) 

(d) 

(e) 

(0 

site  {a} 

0.06 

0.39 

0.05 

0.01 

0.49 

0.00 

site  (P) 

0.03 

0.07 

0.01 

0.04 

0.85 

0.00 

site  {7} 

0.41 

0.02 

0.22 

0.09 

0.26 

0.02 

lb:E^„=: 

Z.OeV 

Products: 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

site  {a} 

0.08 

0.53 

0.06 

0.05 

0.28 

0.00 

site  (P) 

0.08 

0.06 

0.03 

0.13 

0.69 

0.00 

site  {7} 

0.31 

0.14 

0.08 

0.10 

0.36 

0.02 

(*)(a)  COgas;  (b):  COad;  (c)  Cad  +  Ogas;  (d) 
Cgas-i-Oad  (e)  Cad  +  Oad;  (f)  Cgas  +  Ogas 


From  the  results  we  notice  that  the  0^,^  site  has  a  huge 
impact  on  the  reaction  probabilities,  while  the 
influence  of  the  initial  kinetic  energy  is  small.  The 
probability  for  CO  formation  when  the  sites  {a}  and 
{7}  are  occupied  is  quite  high,  but  nevertheless  the 
two  sites  exhibit  substantially  different  behaviours 
(the  on  top  site  is  the  most  favourable  site  for  CO 
chemisoiption  ).  In  fact,  the  CO  molecule  remains 
bounded  on  the  surface  when  Oad  is  adsorbed  at  the 
on  top  site,  while  in  the  {7}  site  CO,  initially  formed 
on  the  surface,  desorbs  in  the  gas  phase.  It  is 
worthwhile  noticing  that  channel  (e),  i.e.  the  process 
C  -I-  Oad  — — >  Cad  +  Oad  is  a  very  effective  one, 
while  the  probability  for  both  the  carbon  and  oxygen 
atom  to  be  reflected  in  the  gas-phase  is  negligible  for 
all  the  conditions  explored  in  the  simulation. 

A  further  important  aspect  of  the  recombination 
reaction  (a)  is  the  energy  partitioning  among  the 
internal  states  of  the  desorbing  CO  molecules.  The 
available  energy  for  translational  and  internal  energy 
excitation  of  CO  is  given  by:  AEexc=  D  -  Eb  -AEph, 
where  D  is  the  CO  dissociation  energy  at  the  surface, 
Eb  is  the  binding  energy  of  the  adsorbed  Oxygen, 
AEph  is  the  energy  loss  to  the  wall.  Under  conditions 
of  week  dynamical  coupling  with  the  surface  phonons, 
and  for  weakly  bounded  surface  states,  a  considerable 


amount  of  energy  can  be  available  for  CO  excitation. 
Figure  1  shows  a  tipical  vibrational  distribution  of 
COgas  in  the  final  states. 

Fig.l  Vibrational  distribution  for  the  reaction: 

^  ■”>  [CO(v,j)]gas  . 

Ojj  in  on  the  {7}  site,  Ekin=l  .OeV 


From  Fig.l  we  notice  taht  the  CO  molecules  desorb 
with  a  vibrational  distribution  in  non  thermal 
equilibrium.  The  results  obtained  in  this  work  show 
that  atom  recombination  on  a  Pt{lll)  surface  can  be 
regarded  as  an  efficient  coUisional  mechanism  for  the 
production  of  highly  vibrationally  excited  CO 
molecules  (  in  contrast  with  the  electron-molecule 
collisions  where  the  pumping  up  of  vibrational  quanta 
starts  from  the  low-lying  vibrational  levels  through  a 
step-wise  excitation  mechanism).  In  addition  to  that, 
recombination  processes  on  a  clean  Pt  wall  can  be  an 
efficient  channel  for  the  carbon  and  oxygen  atom 
removal  from  the  gas  phase,  under  the  coUisional 
conditions  considered  in  this  work 
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Abstract  A  new  experimental  technique  is  reported  in  which  the  mobility  of  electrons  in  a  hot 
argon  plasma  was  measured  in  an  electric  shock  tube.  The  ion  mobility  was  deduced  from  the 
electron  mobility.  The  result  obtained  for  the  electron  mobility  is  in  good  agreement  with  theory  for 
voltage  gradient  less  than  10^  Vm'^-  Although,  the  results  of  the  ion  mobility  are  not  as  good  as 
expected  with  theory,  however,  it  is  in  close  agreement  with  other  reported  data. 


1.  Introduction 

A  high  velocity  plasma,  produced  in  an  electric  shock 
tube  [1]  is  allowed  to  flow  between  filament  metal 
electrodes  and  to  interact  with  an  external  transverse 
magnetic  field.  The  open<ircuit  voltage  and  the 
current  flowing  between  these  electrodes  allowed  the 
mobility  of  electrons  to  be  measured  and  ion  mobility  to 
be  deduced,  as  a  function  of  gas  temperature,  where 
thermal  equilibrium  is  assumed. 

The  main  utility  of  this  paper  lies  in  the  fact  that  it 
permits  mobilities  by  a  new  method  to  be  obtained  for 
effective  gas  temperature  suitable  for  MHD  power 
generators  [2],  in  hot  gases  such  as  fusion  energy  [3] 
and  perhaps  elsewhere  as  well. 


2.  Theory 

The  electron  mobility  is  given  by 


A.  = 


8km. 


e 


ZjU'Q 


J'J 


(1) 


where  coe  is  the  electron  cyclotron  frequency,  re  is  the 
mean  collision  time  for  electrons,  B2  is  the  applied 
magnetic  flux  density,  Te  is  the  electron  temperature  nj 
is  the  number  density  of  the  j  th  particle  species  and  Qj 
is  the  velocity  averaged  cross-sections  of  the  j  th 
particle  species.  For  higUy-ionized  plasma  in  thermal 
equilibrium,  it  can  be  shown  that  for  argon,  the  ratio  of 
the  ion  mobility  to  electron  mobility  is  given  by  [4], 

M,  =  /  270]  (2) 


3.  Experimental  Work 

The  glass  shock  tube.  Fig.  (1),  is  of  circular  cross- 
section  with  a  5-cm  diameter.  The  magnetic  field  was 
provided  by  an  iron-core  Oxford  electromagnet  that 
was  capable  to  produce  magnetic  flux  densities  between 
0.06  and  0.91  Tesla,  uniformly  distributed  over  a 
circular  area  of  5-cm  diameter.  The  basic  pressure  was 
varied  between  14  and  140  Pa.  The  energy  input  to  the 
driving  section  was  in  the  range  from  112.5  to  1012.5 
J,  which  produced  shock  Mach  number  in  the  range 
from  3  to  20.  The  measurements  were  made  by 
measuring  the  open-circuit  MHD  voltage  of  the  shock- 


Driver  section 


Electrodes 


Hh' 


To 

,  Dump  tank 


and 


vacuum  system 

Ignltron  ExpanMon  section 

Fig.(l).  The  electrode  assembly  and  shock  tube. 


heated  gas,  induced  between  tungsten 
electrodes,carefiilly  machined,  so  that  their  faces  were 
flush  with  the  inner  wall  of  the  tube.  The 
measurements  were  continued  by  measuring  the  current 
flow  between  two  parallel  filament  electrodes  for 
voltages  electromagnetically  induced  between  these 
filaments.  The  filaments  were  loaded  by  carbon-film 
resistors,  in  the  resistance  range  0.5  to  500  fl. 


4.  Results  and  Discussion 

The  variation  of  the  open-circuit  MHD  voltage  versus 
the  applied  magnetic  flux  density,  is  shown  in  Fig.(2). 


Fig.(2).  Open-circuit  MHD  voltage  for  shock-heated 
argon  plasma,  with  different  input  energy. 
Normally,  for  uniform  plasma  properties,  the  induced 
e.m  f  generated  within  the  plasma  is  given  by 
V„,  =  v,  B,  d  (3) 

where  Vq.c.  is  the  induced  open-circuit  MHD  voltage. 
Vs  is  the  flow  velocity  and  d  is  the  electrodes 
separation.  However,  owing  to  the  existance  of  a 
viscous  boundary  layer  at  the  wall  of  the  shock  tube,  it 
can  be  shown  that  [5], 
v.B.d/V,,  =(1+^)  +  ^  rjB' 

I.  c  daYcTu  ^ 

where  ^  =  - - -  — ^  =  const  . 

3-Z  (i  -1)  ^ 

S 
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Y  and  z  represent  the  the  effective  length  of  the 
conducting  plasma  and  the  radial  dimension  which 
determine  the  conducting  area  respectively,  a  is  a 

constant  equals  to  j const  =a  »  ^ 

Y  o-;, 

displacement  thickness  of  the  boundaiy  layer,  abi*its 
average  conductivity  perpendicular  to  Bz,  and  a*  is  the 
ftee-stream  electrical  conductivity. A  plot  of  VsBzd/ 
Vo.c  against  Bz^  should  yield  a  straight  line  with  a 
slope  of  and  an  intercept  of  (i+^.  The  result  of 
a  sample  at  a  measuring  station  of  38  cm.  from  the  ring 
electrode,  for  different  electron  temperature,  is  shown 
in  Fig.(3).  Using  the  statistical  technique  of  the  least 

1  .4 
o 

o  1  .32 
> 

1.24 
T3 

tO^  1.16 
> 

1  .08 
1 

0  0.2  0.4  0.6  0.8  1  1.2  1.4 

ef  [Tesla]  2 

Fig.(3).  Vs  Bz  d  A^o.c.  vs  ,  at  different  input  energy. 


Table(I)  shows  that  the  electron  mobility,  in  the  present 
experiment,  is  in  good  agreement  with  the  theoretical 
data  using  Normand’s  electron-atom  collision  cross- 
section  and  electron-ion  long  range  interaction. 
According  to  equation  (2),  the  ion  mobility  of  positive 
ions  A'*',  in  their  own  gas,  is  shown  in  Table  (11). 


Table(II).  Ion  mobility  in  argon  reduced  to  the 
standard  gas  number  density,  2.69x10^^  m'^  For 
E  <  10^  Vm~^.  Pi  is  in  unit  of  [lO'^m^  v^s~^]. 


T(°K) 

Present 

Experiment 

Theory 

Ref.llOl 

Mason  etal 

Re6.rill 

P. 

1 

Dalgamo 

Ref.ri21 

1000 

2.53 

0.072 

0.318 

0.095 

1450 

2.37 

0.059 

0.328 

0.081 

2000 

2.3 

0.051 

0.332 

0.070 

2650 

2.33 

0.044 

0.327 

0.063 

3300 

2.11 

0.039 

0.322 

0.056 

3700 

2.19 

0.037 

0.320 

0.054 

3850 

2.00 

0.036 

0.319 

0.053 

4870 

2.26 

0.032 

0.304 

0.044 

6200 

1.89 

0.029 

0.300 

0.042 

7500 

1.93 

0.026 

0.290 

0.038 

9000 

1.74 

0.024 

0.287 

0.036 

square  method,  the  slopes  and  the  intercepts  have 
allowed  us  to  estimate  Pe  with  electron  temperature  Te, 
on  the  assumption  that  thermodynamic  equilibrium  has 
been  reached  in  the  free  stream.  Table  (I)  shows  the 
experimental  results  of  Pe  with  temperature,  reduced  to 
the  standard  gas  number  density  2.69x10^^  m‘^ 
according  to  the  hydrodynamic  shock  relations  [6] 
across  the  shock  front,  together  with  the  theoretical 
values  of  Pe  according  to  equation  (1),  where 
Normand's  [7]  cross-section  measurements  for  Qj  has 
been  used.  Also,  Table(I)  shows  the  electron  mobility 
using  the  data  of  Nielsen  [8]  and  Kirshner  etal  [9]. 


Table(I).Electron  mobility  in  argon  reduced  to  the 
standard  gas  number  density,  2.69  x  10^^  atoms 
m'^  For  E  <  10^  Vm'^Pi  is  in  unit  of  [m^  v‘s'*| 


Te(°K) 

present 

experiment 

“e 

Theory 

Ref.r71 

Refs.[8]&  [9] 

1000 

0.68 

0.78 

0.022 

1450 

0.64 

0.68 

0.019 

2000 

0.62 

0.62 

0.0166  1 

2650 

0.63 

0.59 

0.0141  1 

3300 

0.57 

0.58 

0.0126 

3700 

0.59 

0.57 

0.0119 

3850 

0.54 

0.56 

0.0116 

4870 

0.56 

0.55 

0.0091 

6200 

0.51 

0.54 

0.0089 

7500 

0.52 

0.52 

0.0077 

9000 

0.47 

0.49 

0.0074 

The  ion  mobility,  in  the  present  experiment,  is  higher 
by  a  fector  in  the  range  from  6  to  8  in  comparison  with 
Mason  et  al  data.  This  result  is  in  close  agreement  with 
Mason  data,  taking  into  consideration  that  we  deduced 
the  ion  mobility  for  highly-ionized  plasma,  where  ion- 
neutral  interaction  is  ignored,  while  Mason  experiment 
was  carried  out  in  zero-field  and  only  elastic  collisions 
between  ions  and  neutrals  were  considered. 

The  research  for  determination  the  electron 
mobility  is  carrying  out  on  other  gases  such  as  Hz  ,  He, 
Ne . etc.,  using  the  present  experimental  technique. 
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Abstract  The  behaviour  of  the  rotation  of  a  glow  discharge  plasma  has  been  investigated  experimentally  in  argon  in  magnetic 
flux  density  from  0.22  to  0.64  Tesla.  The  radial  distributions  of  the  electric  field,  the  electric  potential  and  electron  density  have 
been  obtained.  The  results  ofthe  energy  stored  in  rotation  show  that  the  effective  dielectric  constant  is  in  good  agreement  with 
theory  at  relatively  high  magnetic  flux  density.  The  drift  velocity  obtained  from  the  energy  stored  measurements,  is  in 
good  agreement  with  theory  based  on  ion  free  motion  rather  than  the  boundary  effects  in  viscous  rotating  plasma. 


1.  Introduction 

There  is  a  considerable  interest  in  rotating  plasmas 
[1-3],  since  the  resultant  particle  drift  stores  electrical 
energy  and  this  indicate  that  the  plasma  behaves  like  a 
capacitor  with  relatively  high  effective  dielectric 
constant.  Rotating  plasma  have  many  advantages  such 
as  impurities  can  be  centrifuged  as  reported  by 
Bonnevier[4].  Hydrogen  pellet-rotating  plasma 
interaction  was  currently  carried  out  by  Jorgensen  and 
Sillesen  [3],  with  fusion  reactor  refueling  in  mind. 
Rotating  plasma  with  a  d.c.  discharge  [6-7]  needs  more 
attention.  There  is  no  sufficient  information  in  the 
literature  on  the  field,  ion-density  distributions  and 
variation  of  dielectric  constant  with  magnetic  fields.  In 
this  paper,  measurements  on  these  behaviours,  in  a 
rotating  d.c.  glow  discharge,  are  reported. 

2.  Experimental  Measurements 

The  homopolar  device,  used  in  this  experiment,  is  as 
described  elsewhere  [8].  It  consists  of  two  coaxial 
copper  electrodes  of  cylindrical  geometry  as  shown  in 
Fig.(l).  The  diameters  of  the  inner  and  outer  electrodes 
are  2.05  and  12  cm.  respectively,  the  axial  length  is  3.5 
cm.  and  the  radial  interelectrodes  spacing  is  4.2  cm. 


DIracaM  9$  pUtnia  raMon 


Fig.(l).The  schematic  diagram  ofthe  homopolar  device. 

The  theoretical  capacitance  of  the  vessel  is,therefore, 
l.lpF.  The  discharge  vessel  was  placed  in  an  axial 
magnetic  field  which  was  varied  between  0.22  and  0.64 
Tesla.  The  distribution  of  the  magnetic  flux  density, 
within  the  vessel,  was  such  that,  in  the  equatorial 
plane,  the  magnetic  field  has  its  maximum  value  Bo  at 
the  inner  electrode  and  then  decreases  to  0.975  Bo  at 
the  outer  electrode.  The  discharge  was  powered  by  a  1.2 
kV  stabilized  d.c.  supply,  and  the  outer  electrode  was 
chosen  as  the  cathode  to  maintain  the  glow  discharge  in 
the  normal  mode,  while  the  discharge  current  was  kept 
constant  at  50  mA.  The  measurements  were  made  with 
high-purity  argon,  in  the  pressure  range  from  10  to  100 


Pa.  The  polarity  of  the  applied  magnetic  field  was 
reversed  and  the  average  of  at  least  three  readings  was 
taken  as  the  experimental  point.  The  electric  field 
distribution  in  the  rotation  mode  was  obtained  by 
measuring  the  potential  difference  between  double 
floating  cylindrical  tungsten  probes,  of  0.038cm. 
diameter,  insulated  by  thin  glass  tube  except  their  tips 
and  separated  by  0.5cm.  The  axes  of  the  probes  were 
made  parallel  to  the  circumference  of  the  equipotential 
surfaces.  By  moving  the  double  probes  radially,  the 
variation  of  the  electric  field  was  detected.  The  radial 
electric  potential  was  measured  directly  between  a 
single  probe  and  the  outer  earthed  electrode. 

The  radial  distribution  of  the  ion  density  was  measured 
by  the  known  technique  of  the  floating  double  probe, 
with  their  axes  were  made  perpendicular  to  the 
direction  of  the  rotation.  The  probe  response  was 
recorded  on  an  X-Y  recorder.  At  low  pressurefless  than 
lOPa)  and  high  magnetic  field,  a  very  sharp  increase  in 
the  probe  current  was  observed.  This  was  attributed  to 
the  contract  of  the  discharge;  the  measurements  in  the 
contracted  mode  was  excluded. 

By  applying  a  direct  short  circuit  to  the  terminals  of  the 
vessel,  the  effective  dielectric  constant  of  the  rotating 
plasma  can  be  detected  accurately  from  the  voltage 
measured  across  the  plasma  and  the  charge  drawn  out 
during  the  first  quarter  cycle  of  the  resulting  "Crowbar" 
transient.  The  average  drift  velocity  can  then  be  derived 
fi’om  the  kinetic  drift  energy  stored  in  the  rotation. 

3.  Results  and  Discussion 

The  radial  distributions  of  the  electric  field  and  the 
electric  potential  are  shown  in  Figs.(2)  and  (3).The 
electric  field  in  Fig(2)  is  estimated  theoretically,(dashed 
curves),  using  the  relation  [9], 

|E  ,|  =  Iv  j,  -  V  e  B  .1  (1) 

where is  the  plasma  resistivity,  is  the  radial  current 
density,  v,  is  the  azimuthal  drift  velocity  and  B^  is  the 
axial  magnetic  flux  density.  Although,  uniform  electron 
density  is  not  assumed,  the  resistivity  is  taken  to  be 
uniform  through  the  flow.  It  can  be  seen  that  good 
agreement  between  the  experiment  and  the  theory  is 
obtained  within  the  considered  approximation. 
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Fig(2).  The  e}q)eTiineiital  and  theoretical  radial  distributions 
of  the  electric  field,  at  a  pressure  of  100  Pa,  and  different  B2. 


Fig(3).  The  radial  distribution  of  the  electric  potential  at  a 
pressure  of  40  Pa,  and  different  values  of  the  magnetic  field. 


The  radial  ion  density  distribution,  in  the  rotation 
mode,  is  shown  in  Fig.(4).  It  is  interesting  to  note  that 


Fig.(4).The  radial  ion  density  distribution ,  at  p  =  60  Pa. 

the  charged  particles  redistributed  themselves,  in  the 
vicinity  of  the  homopolar  electrodes,  and  they 
accumulate  towards  the  positive  electrode.  This  is 
because,  the  region  filled  with  plasma  can  act  very 
effectively  as  a  virtual  anode  [9],  cable  of  emitting  the 
necessary  ion  current;  with  increasing  the  ion  densities 
and  a  decrease  in  the  electron  temiperature  as  a  result  of 
increasing  the  electron-atom  collision  frequency. 

Stored  energy  measurements  were  done  by  using  a  low- 
inductance  "Crowbar"  circuit  as  given  elsewhere  [10]. 
The  energy  stored  may  be  estimated  according  to  the 
following  relation, 


We=  , where  C„= 

2  ®  i„  V„ 


W„ 


ij  y. 


(2) 


where  is  the  effecting  capacitance  of  the  discharge 
vessel,  Vn  is  the  voltage  measured  across  the  plasma  at 
the  instant  of  the  short  circuit,  io  and  ip'  are  the  peak 
values  of  the  current  at  the  first  quarter  cycle  and  at  the 
first  three-quarter  cycle  respectively,  and  m  is  the 
damped  angidar  frequency. 

The  plasma  dielectric  constant  Kexp  measured 
e?q)erimentally  may  be  estimated  from  the  formula, 

„  _  9.1x10“  il 

«.i;v. 

Fig  (5)  shows  Kexp  in  the  rotation  mode  together  with 
the  theoretical  values  Ktheor  of  the  rotating  plasma,  of 
mass  density  p  =  nj  M,  where  nj  is  the  average  density. 


Fig.(5).  Variation  of  the  experimental  and  the  theoretical 
plasma  dielectric  constant  at  different  values  of  pressure. 

At  higher  values  of  the  applied  magnetic  fields, 
Fig.(5)  shows  good  agreement  between  the 
experimental  and  the  theoretical  plasma  dielectric 
constant,  where  fringing  is  completely  neglected.  At 
low  magnetic  fields,  the  measured  ion  density,  enters 
equation  (4),  exceeds  the  number  ion  density  in  the 
rotation  region,also,  ion  leakage  should  be  considered. 
The  kinetic  drift  energy  stored,  in  ordered  rotation  of 
the  plasma,  may  be  regained  if  losses  is  neglected,  as 

W*  =  «■/  f  n,  M  v|  r  dr=  (5) 

Equations  (2)  and  (5),  give  the  average  drift  velocity  of 
the  rotating  plasma  as  shown  in  Fig.(6).  These  results 
were  compared  with  theory;  first  the  theory  of  ion  drift; 
Vft  =  E  X  B  /  B^,  where  is  obtained  from  the 
measured  electric  field  in  the  positive  column.The 
result  is  shown  as  dashed  curves,  the  second  theory  is 


Maonetlc  Flux  Density  (Tesla) 

Fig.(6).  The  drift  velocity  vs  the  magnetic  field;  the  scale  of 
the  theory  of  the  viscous  flow  is  on  R.H.side^ 

„  =  B,  r,  r 


4  fl  T 


f  T 

r’lnP-  -r’ 

J-  - 

vr; 

1  r,  1 

(6) 


where  p  is  the  viscosity  of  the  conducting  fluid;  its 
value  is  taken  from  data  given  in  [1 1].  We  can  see  that 
the  experimental  drift  velocity  obtained  from  the  energy 
stored  is  in  good  agreement  with  the  ion  drift  theory. 
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1.  Introduction 

According  to  Kiselev  [1]  the  discharge  formative  time  is 
in  opposition  with  the  pressure.  For  the  low  pressure  it 
could  have  a  significant  value  [2].  The  characteristics  of 
electrical  breakdown  in  diodes  with  changeable  gap 
(interelectrode  distance)  d  are  investigated  in  papers  [3, 
4],  The  results  of  measurement  of  the  electrical 
breakdown  formative  time  in  Ne  at  4  mbar  pressure  for 
the  gap  from  0.1  to  19  mm  are  presented  in  this  paper, 
especially  the  effect  of  discharge  displacing  from  the 
gap,  for  extremely  small  gaps,  was  investigated.  In  Fig.  1 
this  situation  is  chematically  presented.  The  zone  of 
negative  light  is  indicated  in  case  when  it  is  in  the  gap 
A:  and  in  the  case  when  it  is  displaced  from  it  B:.  The 
typical  gap  is  indicated  in  Fig.  1. 

In  this  experiment,  when  the  volume  of  the  tube  is  much 
larger  than  the  interelectrode  volume,  there  is  no 
possibility  of  finding  a  system  on  the  left  side  of  the 
Paschen  minimum.  In  present  geometry,  there  is  always 
possibility  of  existing  the  pd-vain  (but  somewhere  out  of 
the  gap).  The  formating  of  this  kind  of  discharge  is 
somewhat  difficult  as  it  is  shown  in  this  paper. 


B:  Id  =  0,3  mm ) 


Fig.  ].  The  position  of  the  negative  light  being  in  (A)  or  out  of 
the  gap  (B). 

By  increasing  the  gap,  the  glow  is  coming  back  to 
interelectrode  space  and  further  increase  of  the  gap  is 
followed  by  the  increase  of  the  mean  value  of  the  total 

ectrical  breakdown  time  delay  ( f ^  )  and  the  formative 
time  ( tj- ).  That  is  the  case  up  to  values  of  6  mbar  cm 


and  then,  for  the  further  increase  of  the  gap,  the 
formative  time  began  to  decrease  due  to  the  greater 
possibility  of  some  other  processes  (as  it  could  be  the 
resonant  transfer  of  the  excited  energy  through  the 
interelectrode  space  or  increasing  the  yield  of  the 
fotoelectrons  created). 

2.  Experiment 

The  discharge  is  formed  between  the  two  Cu  cylindrical 
electrodes  facing  each  other  by  their  basis  which  diameter 
is  1  cm.  The  facing  sides  of  the  electrodes  have  the  Au 
electroliticaly  coated  surfaces.  The  gap  could  be 
externally  changed  from  zero  to  20  mm.  For  each  gap  the 
value  breakdown  voltage  and  the  time  delay  where 
measured.  As  with  the  statistical  behavior,  the  time  delay 
were  determined  as  the  mean  values  of  the  200 
independent  measurements  at  the  same  conditions.  From 
this,  the  critical  electrical  field  in  the  gap  as  U/d  was 
estimated  and  the  formative  time  as  the  difference 
between  the  total  time  delay  and  his  standard  deviation 
(this  is  due  to  the  statistical  theory  of  the  electrical 
breakdown  [5] ). 

Personal  computer  (PC  486)  with  the  custom  made 
interface  was  used  for  controlling  the  basic  parameters 
of  the  experiment,  for  acquisition  of  the  data  and  their 
analyses.  The  principle  scheme  and  measurement  is  the 
same  as  in  [6],  The  current  flow  time  (tg  =  1  s),  as  well  as 
the  gas  relaxation  time  between  the  two  consequent 
measurements  (x  =  2  s)  were  kept  constant,  so  as  to  make 
the  initial  concentration  of  the  discharge  carries  constant 
during  the  measurements. 

3. Results  and  discussion 

The  measured  values  of  the  breakdown  voltage  versus  the 
gap  are  shown  in  Fig.  2,  where  the  quasi  Paschen 
minimum  on  the  gap  of  about  2  mm  can  bee  seen.  The 
values  of  the  critical  electric  field  in  the  gap  are  presented 
the  same  figure,  and  the  strong  decreasing  on  the  left  and 
the  quasi-constant  field  on  the  right  side  from  the  Up- 
minimum  value  is  evident.  For  the  gap  d  which 
corresponds  to  this  minimum  (0.1-4  mm),  there  are  no 
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significant  changes  of  the  total  time  delay  or  the 
formative  time.  Further  increasing  of  the  gap,  i.e.  from  4 
mm  up  to  15  mm,  is  followed  by  the  increasing  of 
the  total  breakdown  time  delay  (see  Fig.  3.).  But  for  the 
values  >  14  mm,  (pd  >  6  mbar  cm)  there  is  a 

significant  decreasing  of  the  total  time  delay. 


d(ninn) 

Fig.  2.  Breakdown  voltage  Up  and  the  critical  filed  eo  in 
function  of  gap  in  Ne  at  4  mbar. 


Fig.  3.  The  total  discharge  time  delay  and  its  standard 
deviation  as  the  function  of  the  gap. 


The  calculated  values  of  the  formative  time  and  the  mean 
formative  velocity  are  presented  in  Fig.  4.  It  is  obvious 
that  the  formative  time  is  the  dominant  part  in  the  total 
time  delay  in  Ne  for  the  present  conditions.  This 
dependence  on  the  gap  shows  the  expected  increasing  for 
the  pd  values  up  to  6  mbar  cm  and  the  significant 
decreasing  for  the  bigger  values,  which  is  not  a 
characteristic  for  the  low  pressure  discharge  formating. 
We  assumed  that  the  reason  for  this  may  be  in  the  greater 
efficiency  of  the  first  electron  avalanche  and/or  the 


transport  of  the  resonant  energy  via  the  photons  in  the 
gas  and/or  the  increasing  of  the  number  of  photons  with 
enough  energy  for  releasing  the  electrons  reaching  the 
cathode.  All  mentioned  processes  are  efficient  for  the 
intermediate  and  high  pressures. 


Fig.  4.  Formative  time  and  the  mean  formative  velocity 
depending  on  the  gap  in  Ne  on  4  mbar. 


Further  investigations  of  this  kind  have  to  be  done  to 
show  which  of  mentioned  mechanisms  is  dominant  under 
these  circumstances. 
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1.  Introduction 

As  the  result  of  the  statistical  behaviour  of  including 
inicroprocesses,  the  electrical  breakdown  is  of  a 
stochastic  nature  itself  One  of  the  important 
characteristics  of  the  electrical  breakdown  is  the  time 
delay  t,i,  which  consists  of  two  contributions,  statistical 
time  delay  f  and  the  formative  time  tf.  Being  of  the 
statistical  nature,  the  measured  values  of  time  delay 
occured  with  the  characteristic  distribution,  which,  as 
shown  by  von  Lane  [1],  may  be  written  as: 


overvoltage  was  5%  and  the  distributions  were 
established  on  the  basis  of  the  1000  independent  and 
successive  measurements  under  the  other  experimental 
conditions  being  constant. 

3.  Results  and  discussion 

The  established  time  delay  distributions  are  presented 
in  Figs.  1  and  2  as  the  histograms  with  the  bar  width  of 
0.5  ms.  The  actual  gaps  are  indicated  in  figures  The 
shape  of  distribution  indicates  that  there  is  not  only  the 
movement  of  the  distribution  towards  the  greater  values 
of  the  time  present  but  also  is  a  change  that  distribution. 


where  n  is  a  number  of  the  t,i  longer  than  the  actual 
time,  X  is  a  total  number  of  measured  values,  and  the 
<t*>  is  a  mean  value  of  the  statistical  time  delay. 

This  distribution  is  the  subject  of  interest  in  many 
papers  [2].  In  most  of  reports,  the  single  discharge 
mechanism  had  resulted  in  to  characteristic  quasi 
Poisson  distribution.  In  some  cases,  the  complex 
distribution  may  occurred  as  presented  in  [3]. 

The  specific  distributions  of  the  electrical  breakdown 
time  delay  values  in  Ne  at  4  mbar  pressure  as  the 
function  of  the  gap  are  presented  in  this  paper  The 
shapes  of  the  established  distributions  are  somewhat 
unexpectable.  but  under  these  circumstances  they 
indicate  the  complex  nature  of  the  discharge  formation 
mechanism. 

2.  Experiment 

The  measurements  of  the  time  delay  were  performed 
with  the  Ne  filled  diode  at  the  pressure  of  4  mbar  and 
300  K  temperature.  The  volume  of  the  diode  tube  is 
about  300  cnv’  and  the  cylindrical  electrodes  have  the 
Au  electroliticaly  coated  surfaces.  Gap  was  externally 
changed  from  zero  to  19  mm  The  personal  computer 
(PC  486)  with  the  custom  made  interface  was  used  for 
controlling  the  basic  parameters  of  the  experiment  (as 
the  time  of  discharge  glow  and  the  relaxation  time  of 
the  diode  between  the  two  successive  breakdowns),  for 
acquisition  of  the  data  and  for  their  analyses. 

The  electrical  details  of  the  circuit  and  the  experiment 
procedure  were  described  erlier  [4].  The  applied 
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Fig.  I.  Time  delay  values  distributions  for  the  gap  indicated 
on  the  pictures. 
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We  assumed  tliat  this  can  be  understood  only  as  two 
different  breakdown  macroscopic  channels  with  the 
posibillily  of  the  same  order  of  magnitude.  The 
channel  1  being  actual  for  the  small  gap  is  loosing  his 
possibillity  with  increasing  the  gap  and  the  channel  2 
which  becomes  more  and  more  of  interest  with  that 
increasing.  Tlie  both  channels  characterized  the 
movement  of  the  pic  toward  the  greater  t,i  with  the  gap 
increasing  and  that  indicates  that  the  transport 
phenomena  like  movement  of  the  positive  ion  troughout 
the  gap  with  the  strong  diffusion  towards  the  walls  are 
included. 

From  the  first  pic  movement  for  the  d  values  from  4  to 
10  mm,  and  the  elapsed  time  delay  (and  the  formative 
time)  which  is  about  1  ms  an  can  be  calculated  the 
ambipolar  diffusion  coefficient  or  the  ion  mobility. 
Under  the  pressumption  that  the  ambipolar  diffusion  is 
an  actual  proccesses,  the  values  of  the  coefficient  of 
180  cm’s"'  are  calculated.  That  value  is  in  relatively 
good  agreement  with  the  actual  reference  data.  However 
according  to  the  applied  electrical  field  of  about  300 
V/cm  in  the  gap,  the  positive  ion  mobility  can  be 
calculated  and  the  2  cnr  W's''  value  is  obtained.  That 
value  can  not  be  accepted  as  the  real  one.  so  the 
mobility  of  the  positive  Ne  ions  directly  troughout  the 
gap  is  not  the  valid  presumption. 
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Fig.  2.  The  time  delay  value  distribution  for  the  gap 
indicating  in  figure. 


Further  data  analysis  can  be  made  using  the  Laue- 
grams.  One  of  them,  for  the  gap  of  10  mm  is  shown  in 
Fig.3.  From  the  Laue-gram,  it  can  be  see  that  the  mean 

value  of  (  having  the  ln(  n  N  )  values  of -1)  for  the 
both  macroscopic  breakdown  channels  is  12  nis,  with 
the  great  difference  in  the  formative  time  which  is,  for 
the  faster  (first)  channel  about  5  ms  and  for  the  slower 
one  about  11.5  ms.  One  can  assumed  that,  for  the 
present  diode  geometry  and  the  overvoltage  applied,  the 
more  than  one  avalanche  is  needed  for  the  discharge 
formatting. 
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Fig.  3.  Laiie-grams  fo  the  time  delay  data  values  for  the 
gap  length  d- 10  mm  in  .\'e  at  4  mhar. 

For  d  >  17  mm,  tj  decreases  and  it  is  presented  as 
distributions  in  Fig.  2  (d  =  19  mm). 
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Last  decade  the  propagation  of  ionizing  waves  -  or  some 
times  called  electrical  breakdown  waves  -  of  super-high 
velocities  (with  velocities  up  1/3  of  the  light  velocity)  in 
shielded  tubes  are  intensively  investigating  [1,2,3,4,5]  both 
experimentally  and  theoretically.  These  waves  are  carrying 
electrical  potential  from  the  high  voltage  electrode  to  the 
grounded  electrode  and  are  effectively  ionizing  gas.  These 
experiments  are  closely  connected  with  laboratory  modeling  of 
streamer  propagation  and  return  stroke  in  the  lightning  or  the 
long  spark  and  give  the  base  for  several  new  technologies. 
There  were  investigated  both  cathode  and  anode  -  directed 
waves,  waves  in  long  shielded  cylinder  with  circular  cross- 
section  and  in  conical  tubes.  It  was  found  dependence  of  the 
ionizing  wave  velocity  from  an  applied  electrical  potential  of 
the  high  voltages  electrode,  pressure  of  gas,  and  electrical 
capacitance  per  the  unit  of  length  of  the  discharge  tube.  The 
mechanism  of  wave  propagation  is  closely  connected  with 
ionization  processes  inside  the  narrow  structure  of  the  wave 
front  where  the  electrical  field  has  the  typical  sliton  shape 
[3,4.5].  The  several  models  of  ionizing  wave  including 
processes  of  electron  drifts  and  diffusion,  of  electron  runaway, 
gas  photoionization  are  discussed  and  compared  with 
experiments  (see,  for  example,  the  review  [1]  and  [5]).  Some 
attempts  were  made  to  find  the  well  known  for  gas  discharges 
similarity  for  the  wave  velocity  from  the  radius  of  the 
discharges  tube  and  gas  pressure  product  [2]. 

The  main  goal  of  our  investigation  is  to  find  quite  simple 
formulas  for  the  most  advantage  variables  of  the  ionizing  wave 
(the  distributions  of  concentration  of  electrons  and  the  electric 
potential  along  the  ionizing  wave,  and  the  velocity  of  ionizing 
wave  )  which  could  reproduce  the  typical  experimental 
dependence  of  these  variables  from  parameters  of  installation. 
Now  we  are  generalizing  our  early  results  [3]  taking  in  a  count 
several  new  phenomena  in  such  waves  and  on  the  theoretical 
model  of  supper-high  velocity  ionizing  waves.  For  investigation 
of  super  -  high  velocity  wave  propagation  the  numerical  code 
was  developed.  Our  numerical  model  is  based  on  the  continuity 
equation  for  electron  (n^)  and  on  the  proposed  earlier  in  our 
work  [3]  non-linear  equations  describing  evolution  of  the 
electrical  potential  (tp),  using  cross-section  averaging  of  the 
basic  equations  and  equations  for  processes  on  the  boundaries. 
Using  this  numerical  model  it  is  possible  to  investigate 
evolution  of  waves  and  to  trace  dependence  of  the  propagation 
speed  from  main  parameters:  voltages,  gas  pressure,  radii  of 
discharge  tubes. 


Below  we  are  presenting  new  self-similar  analytical 
solution  of  our  equations,  neglecting  by  electron  flux  along  the 
wave  front  in  the  continuity  equation  for  electrons: 

d(p  d  O  d(p 

^  di  ^ 

L/ 

E^-Vcp. 

Here 

(p{z,t)  =  {(p{r,zj),  Ue^Z,t)  =  (f2^(r,Z,t))  is 

the  electrical  potential  and  the  concentration  of  electrons 
correspondingly  averaged  over  the  tube  cross-section,  c,  is 
electrical  capacitance  per  the  unit  of  length  of  the  discharge 

tube,  (7  —  €  is  plasma  conductivity.  Other 

values  have  there  well-known  meanings. 

The  self-similar  analytical  solution  the  above  equations 
is  based  on  approximation  of  the  frequency  of  impact  ionization 

V,  («  =  Vi  =  Const. ifE  >  E„ 
V,(£)  =  0,  if  E<E^^. 

where  is  the  maximum  of  strength  of  the  electric 
field,  Eci  is  depended  from  the  approximation  of  the  frequency 
of  impact  ionization  and  type  of  gas. 

Using  this  approximation  we  had  found  needed  formulas 
for  the  distributions  of  concentration  of  electrons  and  the 
electric  potential  along  the  ionizing  wave,  the  velocity  of 
ionizing  wave  (W)  propagating  in  long  shielded  cylinder. 
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(p  =  ^^exp[- 


distance  of  streamer  propagation  and  propagation  of  breakdown 
waves  reveals  a  typical  three-dimensional  phenomenon. 

CONCLUSION 


Here  <po  is  the  applied  potential  of  high  voltage  electrode,  '%  =  z 
-  Wt  is  the  self-similar  variable.  The  point  where  ^  =  0  is 
corresponded  the  maximum  of  strength  of  the  electric  field 
inside  the  wave  front  structure.  It  should  be  marked  that  our 
formula  for  the  wave  velocity  (2)  has  very  simple  physical 
meaning  and  could  be  easy  used  for  the  wave  velocity 
estimation. 

The  self-similar  analytical  solution  of  our  equations 
helps  to  investigate  influence  different  parameters  -  geometrical 
parameters  of  discharge  tubes,  capacity  of  the  shielded  tube  per 
unity  of  length,  type  of  gas,  and  so  on  -  on  propagation  of  the 
ionizing  wave.  Our  formula  for  velocity  well  reproduce  the 
typical  experimental  non-monotone  dependence  of  near-light 
ionizing  wave  on  the  gas  pressure  and  dependence  from 
electrical  capacity  per  unity  of  length  of  the  shielded  tube  [1].  It 
is  clear  seen  from  comparisons  theoretical  results  with 
experimental  data  that  the  strict  similarity  for  the  wave  velocity 
from  the  radius  of  the  discharges  tube  and  gas  pressure  product 
is  not  exist.  Obtained  for  shielded  tubes  formula  (2)  is  also  in 
reasonable  correlation  with  results  were  received  in  streamer 
propagation  investigations  [6]  if  the  related  distributed 
capacitance  is  used. 

For  investigating  non  self-similar  regimes  of  high  - 
velocity  ionizing  wave  propagation  our  numerical  code  was 
used.  Investigating  non  self-similar  regimes  of  super  -  high 
velocity  wave  propagation  one  could  find  condition  when  waves 
are  become  self-similar.  It  is  also  possible  to  find  the 
dependence  condition  of  self-similarity  ionizing  wave 
propagation  from  maim  parameters  of  an  installation.  Using  this 
numerical  model  it  is  also  possible  to  investigate  evolution  of 
non-self-similar  waves  and  to  trace  dependence  of  the 
propagation  speed  from  main  parameters:  voltages,  gas 
pressure,  radii  of  discharge  tubes  and  so  on.  Our  preliminary 
estimations  show  that  our  new  results  could  be  used  for  high- 
voltages  breakdown  wave  propagating  in  free  atmosphere  and 
directing  by  the  laser  beam  [1]  when  the  laser  beam  preionize 
air  and  guide  the  ionizing  wave.  The  processes  on  the 
boundaries  of  discharge  channel  are  producing  free-organized, 
self-sustained  shielded  regimes  and  are  forming  conditions 
similar  to  condition  on  the  boundary  of  shielded  discharge 
tubes.  Certainly,  in  such  free-organized,  self-sustained  shielded 
discharge  channels  the  cross-section  of  channel  is  varying  along 


New  self-similar  analytical  solution  of  the  cross-section 
averaged  continuity  equation  for  electron  and  the  proposed 
earlier  in  our  works  [3,4]  non-linear  equation  describing 
evolution  for  the  electrical  potential  is  presented.  This  self¬ 
similar  analytical  solution  is  based  on  approximation  of  the 
frequency  of  impact  ionization.  Using  this  self-similar  solution 
for  distributions  of  electron  concentration  and  of  electric 
potential  along  the  ionizing  wave  the  velocity  of  ionizing  wave 
had  found.  For  investigating  non  self-similar  regimes  of  high- 
velocity  ionizing  wave  propagation  new  numerical  code  was 
developed.  From  computer  simulation  it  had  found  conditions 
when  the  regime  of  the  ionizing  wave  was  become  self-similar 
and  one  could  use  above  relations.  Using  our  model  for  high- 
voltages  breakdown  wave  propagating  in  free  atmosphere  when 
the  laser  beam  preionize  air  and  guide  the  ionizing  wave  are 
discussed. 

REFERENCES 

[1]  L.M.  Vasilyak,  S.  V.  Kostuchenko,  N.N. 
Kudijavtsev,  I.V.  Filugin:  Usp.  Fis.  Nauk,  165  (1994)  263. 

[2]  E.I.  Asinovsky,  A.N.  Lagarkov,  V.V.  Markovets, 
I.M.  Rutkevich:  Plasma  Sources  Sci.  Technology,  3  (1994)  556. 

[3]  O.  A.  Sinkevich,  Yu.V.  Trofimov:  Dokl.  Akad. 
Nauk.  (Reports  Acad.  Sci.  USSR),  243  (1979)  597. 

[4]  O.  A.  Sinkevich,  Yu.V.  Trofimov:  In  book  "The 
Problems  of  Physic  and  Technique  of  Nanosecond  Discharges, 
Nanosecond  Generators  and  Breakdown  in  Distributed 
Systems”.  Inst.  High  Temp.,  Acad.  Sci.  USSR,  Moscow,  1982, 
55. 

[5]  A.N.  Lagarkov,  I.M.  Rutkevich:  “Electric 
Breakdown  Waves  in  a  Bounded  Plasma”,  Nauka,  Moscow, 
1989. 

[6]  R.F.  Femsler:  Phys.  Fluids,  27  (1984)  1005. 


XXm  ICPIG  ( Toulouse,  France  )  17  -  22  July  1997 


V-22 


High  Pressure  Microhollow  Electrode  Discharges 

K  H.  Schoenbach,  A.  El-Habachi,  W.  Shi,  and  M.  Ciocca 

Physical  Electronics  Research  Institute 


Old  Dominion  University 

1.  Discharge  modes 

Experimental  studies  on  microhollow  cathode 
discharges  [1],  gas  discharges  between  a  plane  anode 
and  a  cathode  with  submillimeter  opening  of 
diameter,  D,  and  a  submillimeter  electrode  gap  of 
length,  d,  have  shown  that  three  distinct  modes  of 
operation  exist  [2].  At  pressures,  p,  such  that  pd  is  on 
the  left  hand  side  of  the  Paschen  minimum,  and  at 
low  currents  where  space  charge  formation  can  be 
neglected,  the  discharge  develops  between  the  anode 
and  the  outer  face  of  the  cathode.  The  current-voltage 
characteristic  of  this  predischarge  has  a  positive 
slope.  With  increasing  current  the  charge  density  in 
the  cathode  opening  becomes  large  enough  to 
modify  the  electric  field.  A  virtual  anode  is  formed 
on  axis,  and  the  electrons  emitted  from  the  ring 
shaped  cathode  are  begin  to  oscillate  through  this 
virtual  anode.  This  “pendulum”  effect  causes  a 
drastic  increase  in  ionization  efficiency,  and 
consequently  a  higher  current  at  lower  sustaining 
voltage.  In  this  mode,  the  genuine  hollow  cathode 
discharge  mode,  the  plasma  column  expands  with 
increasing  current,  and  consequently  the  cathode  fall 
width  decreases  until  it  becomes  so  small  compared 
to  the  hole  diameter,  that  the  "pendulum”  motion 
ceases  to  exist.  In  this  third  phase  of  the  discharge  at 
high  currents,  the  discharge  behaves  like  an  abnormal 
glow  discharge  with  a  current-voltage  characteristic 
with,  as  in  the  predicharge  mode,  positive  slope. 

Similarity  relations  for  hollow  cathode  discharges 
predict  the  possibility  to  extend  the  discharge 
operation  to  higher  pressures,  p,  by  reducing  the  hole 
diameter,  D  [3].  An  upper  limit  for  hollow  cathode 
discharge  operation  is  stated  as  pD  =10  Torr  cm  [4], 

In  order  to  test  the  validity  of  this  relation  and  its 
limit  at  high  pressure  for  discharges  in  argon  we  have 
reduced  the  hole  diameter  from  initially  700  pm  [1] 
to  350  pm  and  200  pm,  respectively,  and  varied  the 
pressure  up  to  values  of  900  Torr,  corresponding  to  a 
pD- value  of  18  Torr  cm.  Current- voltage  curves  for 
discharges  between  a  plane  anode  and  a  cathode  with 
a  circular  opening  of  D  =  200  pm,  and  an  anode- 
cathode  distance  of  d  =  250  pm  are  plotted  in  Fig.  1. 
The  characteristic  shape  of  the  I-V  curves  is  in  the 
entire  pressure  range  that  expected  for  hollow 
cathode  discharges.  However,  as  photographs  of  the 
discharge,  and  deviations  from  the  similarity  relation 
[3]  at  higher  pressure  indicate,  the  hollow  cathode 
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discharge  begins,  at  several  hundred  Torr,  to  change 
from  a  hollow  cathode  discharge  into  what  we 
believe  is  a  “pulseless”  partial  discharge  [5]. 


Current  (mA) 


Fig.  1  Current-voltage  characteristics  of  hollow 
electrode  discharges  in  argon  at  pressures  of  28  Torr, 
224  Torr,  and  896  Torr.  The  hollow  electrode 
geometry  is  shown  in  the  insert. 

At  low  pressure  (<100  Torr)  the  discharge  develops 
as  described  in  reference  [1]  and  discussed  in 
paragraph  one  of  this  paper.  At  pressures  exceeding 
100  Torr  (which  in  our  experiment  corresponds  to  the 
pd  value  at  the  Paschen  minimum)  a  ring  shaped 
plasma  close  to  the  cathode  edge  is  observed  in  the 
low  current  range.  With  increasing  current,  the 
plasma  ring  disappears  and  the  center  plasma  fills  the 
cathode  hole  opening.  At  high  pressure  (>400  Torr) 
the  ring  shaped  plasma  and  an  intensely  radiating 
plasma  colunm,  generally  off-axis,  inside  this  ring 
coexist  over  the  entire  current  range.  The  discharge  in 
this  pressure  range  is  assumed  to  be  of  the  “partial 
discharge”  type,  a  glow  discharge  which  is  typical  for 
short  gaps  [5]. 

2.  Excimer  emission 

The  condition  for  excimer  emission  is  the  presence  of 
high  energy  electrons  in  the  discharge 
(nonequilibrium  discharge)  and,  because  of  the  three- 
body  reaction  required  for  excimer  formation,  the 
possibility  of  high  pressure  operation.  High  pressure 
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concentration  of  high  energy  electrons  [6],  This 
seems  to  hold  also  for  high  pressure  hollow  cathode 
discharges  and  for  partial  discharges.  Spectral 
measurements  in  the  wavelength  range  below  200  nm 
in  both  argon  (126  nm)  and  xenon  (172  nm)  have 
shown  the  presence  of  excimer.  The  spectrum  of 
hollow  electrode  discharge  in  xenon  at  760  Torr  and 
a  current  of  5.75  mA  is  shown  in  Fig.  2. 


Fig.  2.  Spectrum  of  Xe:*  excimer 
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Fig.  3.  Discharge  voltage  and  Xe2*  emission  versus 
discharge  current. 

The  excimer  emission  is  strongly  dependent  on 
pressure.  The  intensity  of  the  xenon  excimer  emission 
increases  by  three  orders  of  magnitude  when  the 
pressure  is  varied  between  100  Ton  and  760  Ton. 
The  strongest  increase  is  observed  in  the  range  at 
atmospheric  pressure  where  the  intensity  increases 
exponentially  by  one  order  of  magnimde  over  a  100 


mbar  range.  The  strong  dependence  on  pressure  is 
consistent  with  the  pressure  dependence  of  the 
excimer  formation,  a  three-body  reaction. 

The  excimer  emission  is  also  strongly  dependent  on 
the  current-voltage  characteristic  of  the  discharge. 
This  is  shown  for  a  Xe  discharge  at  745  Ton,  where 
the  excimer  line  intensity  is  plotted  in  relation  to  the 
cunent-voltage  characteristic  of  the  discharge  (Fig. 
3).  The  intensity  of  the  excimer  radiation  increases 
with  cunent  whenever  the  discharge  is  in  a  mode 
with  negative  differential  resistivity.  In  ranges  with 
positive  slope  of  the  current  voltage  characteristics 
the  intensity  increases  only  slightly  or  not  all  when 
the  cunent  is  increased.  This  holds  not  only  for 
discharges  in  xenon,  but  also  for  argon  discharges, 
where  the  excimer  emission  is  at  126  nm. 

3.  Conclusion 

The  reduction  of  the  hole  diameter  and  the  gap  of 
microhollow  electrode  discharge  to  submillimeter 
values  has  allowed  us  to  extend  the  pressure  range  of 
these  discharges  to  atmospheric  pressure.  At 
pressures  close  to  atmospheric  the  discharge  seems  to 
change  from  a  hollow  cathode  discharge  to  a  partial 
discharge.  The  fact  that  the  discharges  are  nonthermal 
allows  their  use  as  direct  cunent  excimer  lamps.  The 
resistive  behavior  of  these  discharges  (this  holds  at 
least  for  argon  discharges)  allows  furthermore  to 
anange  these  discharges  in  parallel  without 
individual  ballast,  and,  consequently,  to  generate 
large  area,  unsegmented,  direct  cunent  flat  panel 
excimer  lamps. 
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Abstract 

The  prebreakdown  phenomena  of  impulse  corona,  corona  propagation  and  leader  propagation  in  the  standard 
rod  gap  in  air  have  been  studied  for  spacings  of  up  to  30cm.  The  variations  occurring  in  the  measured 
quantities  of  corona-current  amplitude,  time  of  occurrence,  corona-propagation  time,  corona  speed,  number 
and  length  of  steps  in  the  leaders,  leader-propagation  time  and  leader  speed  are  correlated  to  the  variations  in 
the  conditions  of  gap  length,  applied  voltage,  huntidity  and  irradiation.  The  results  of  the  prebreakdown 
phenomena  have  been  shown  to  explain  the  characteristics  of  impulse  breakdown  of  the  rod  gap.  The  final 
part  of  this  study  contains  an  adequate  numerical  programs  concerning  at  Phenomena  in  ioitised  gases 
subjected  to  impulse  voltages. 

Keywords:  phenomena  in  ionised  gases;  corona;  radiation  effects;  impulse  testing. 


1.  INTRODUCTION 

The  mechanism  of  breakdown  of  atmospheric 
air  in  nonuniform-field  gaps  subjected  to  impulse 
voltages  has  been  the  sulgect  of  numerous 
investigations  in  the  past  [1].  The  use  of  still  and  time- 
resolved  photography  has  permitted  correlation 
between  the  variations  in  time  of  the  physical  form  of 
the  impulse  discharge  and  the  variations  in  time  of  the 
current  flowing  in  the  gap  to  be  investigated  [1-5]. 
Three  distinct  successive  phases  have  thus  been 
identified  in  the  discharge  process:  they  are  the  corona 
phase,  the  leader  phase  and  the  main  stroke.  For  a 
point-point  gap,  when  an  impulse  voltage  of  sufficient 
amplitude  is  aRilied  to  the  gap,  localised  impulse 
corona  appears  on  both  electrodes  at  approximately  the 
same  instant  [1].  The  anode  corona  extends  much 
further  into  the  gap  than  the  cathode  corona,  the  size  of 
the  positive  corona  being  five  to  six  times  larger  than 
the  size  of  the  negative  corona.  [ . . .  ] 

The  main  objective  of  the  present  work  was  to 
study  the  prebreakdown  phenomena  in  rod-rod  gaps  in 
air  under  impulse  voltage  and  at  spacings  of  up  to 
30cm.  It  was  desired  to  examine  how  the  prebreakdown 
phenomena  of  corona  and  leader  formation  were 
affected  by  variations  in  humidity,  applied  voltage, 
polarity,  irradiation  and  spacing.  To  this  end,  the 
oscillograms  of  the  applied  voltage  were  supplemented 
by  oscillograms  of  the  current  flowing  in  the  gap  before 
breakdown.  The  time  of  occurrence  of  the  impulse- 
corona  current  and  its  amplitude;  the  effective  corona- 
propagation  time  and  effectiva  corona  velocity;  the 
average  leader  formation  time  and  average  leader 
speed;  and  the  number  and  length  of  the  steps  in  the 
leader  could  thus  be  evaluated  from  the  current 
oscillograms,  and  could  be  correlated  to  the  various 
isarameters  of  humidity,  voltage,  polarity,  etc.  Linear 
multiple  regressions  performed  on  a  computer 


permitted  the  separation  of  the  effect  of  each  of  the 
parameters  on  any  of  the  measured  quantities. 

2.  EXPERIMENTAL  ARRANGEMENTS 

The  impulse  voltage  of  the  l/50|is  waveshape 
was  produced  a  400kV  impulse  generator  with  a 
total  capacitance  of  6300pF.  The  voltage  was  measured 
with  a  300pF  capacitive  divider.  The  experimental  gap 
was  enclosed  in  a  cylindrical  steel  vessel,  which  was 
3m  high  and  l-7m  in  diameter.  The  humidity  in  the 
vessel  could  be  set  to  any  value  between  zero  and 
25g/m^  and  the  temperature  could  be  adjusted  between 
•5®C  and  +30®C.  All  measurements  were  made  at 
atmospheric  pressure.  The  impulse  voltage  was  fed  into 
the  vessel  via  a  porcelain  bushing- fixed  on  the  roof  oh 
the  vessel.  The  electrodes  used  were  standard  rods;  i.e. 
square  cross-section  rods  of  1.27  x  1.27cm,  with  their 
ends  cut  square.  The  high-voltage  electrode  was 
suspended  vertically  along  the  axis  of  the  cylindrical 
vessel,  and  it  extended  halfway  down  the  vessel.  The 
high-voltage  electrode  was  so  hollow  as  to  allow  the 
insertion  of  a  Img  Ra226  needle  when  irradiation  of  the 
gap  was  required.  The  lower  electrode  was  insulated 
both  from  its  supporting  tripod  and  the  earthed  vessel. 
The  lower  rod  was  completely  shielded  except  for  a 
length  of  3cm  at  its  tip.  A  75n  coa.xial  cable  extended 
fi'om  it  to  the  oscillograph,  where  it  was  terminated 
with  a  75n  resistance  and  earthed  Any  current  flowing 
in  the  gap  could  thus  be  measured  by  the  voltage  drop 
across  the  terminating  resistence. 

3.  IMPULSE  CORONA 

The  time  Ti  of  occurrence  of  the  corona- 
current  pulse  varied  between  0.6ps  and  3.1ps,  and  the 
pulse  was  then  either  before  or  after  the  peak  of  the 
voltage  wave,  which  occurred  at  1.7ps.  Table  1  shows 
the  values  of  the  time  delay  Ti  obtained  for  various  gap 
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conditions  at  \oltage  levels  Vn,  giving  a  50% 
probability  of  breakdown  at  a  humidity  of  1  Ig/m^ 


Table  1 


Gap 

length 

Time  delay  TI  of  corona  pulse 

Positive 

impulse. 

irradiated 

Negative 

impulse, 

irradiated 

Positive 

impulse. 

un- 

irradiated 

Negative 

in^ulse, 

un- 

irradi^ed 

cm 

JIS 

ns 

MS 

MS 

5 

0.6 

1.2 

2.2 

1.1 

10 

0.8 

3.1 

1.1 

2.4 

20 

1.1 

1.0 

0.8 

2.9 

30 

1.4 

- 

1.2 

2.1 

The  time  delay  Ti  varied  with  gap  length, 
polarity  and  spacing,  but  have  no  obvious  correlation 
with  these  parameters.  Regression  analyses  showed  that 
the  time  delay  Ti  was  independent  of  humidity  but  that 
it  decreased  with  increasing  applied  voltage.  The 
decrease  was  to  be  expeaed,  since  the  corona-inception 
level  would  be  reached  sooner  with  a  higher  applied 
voltage,  the  waveshape  remaining  constant.  The  time 
delay  T,  decreased  by  up  to  three  times  the  proportional 
increase  in  voltage. 

4.  EFFECTIVE  CORONA  PROPAGATION 

It  was  observed  that,  when  breakdown  of  the 
gap  occurred,  the  corona-current  pulse  was  followed  by 
another  pulse,  which  started  a  gradual  increase  in 
current  up  to  breakdown.  Is  has  been  suggested  that 
this  second  pulse  of  current  is  associated  with  a  second 
corona  discharge  developing  at  the  cathode  due  to  the 
arrival  there  of  sizeable  positive-corona  streamers.  It 
has  been  also  suggested  that  the  second  corona  burst  is 
usually  sufficient  to  induce  an  increase  in  the  electric 
field  in  front  of  the  anode,  previously  reduced  by  the 
positive-corona  burst,  to  such  an  extend  as  to  initiate  a 
positive  leader  at  the  anode  and  to  lead  to  breakdown. 
From  these  considerations,  the  period  of  time  Tc 
elapsing  between  the  first  and  the  second  current  pulse 
could  be  defined  as  the  effective  corona-propagation 
time;  i.e.  the  time  required  to  build  up  the  positive 
corona  and  to  project  it  towards  the  Of^site  electrode 
with  sufficient  intensity  to  produce  an  effective 
ionisation  centre  there. 

5.  LEADER  PHASE 

From  the  enlarged  current  oscillograms,  the 
average  number  N  of  steps  in  the  current  buildup  was 
determined  for  each  'series’  of  measurements;  i.e.  for 
impulse  voltages  of  a  given  amplitude  and  for  identical 
conditions  of  the  gap.  It  was  observed  that,  at  low 
applied  voltages,  the  average  number  of  steps  was  fairly 
large  but  that  it  decreased  with  increasing  voltages.  It 
also  appeared  that  the  number  of  steps  was  not  affected 
by  humidity  but  depend  only  on  the  applied  voltage. 
When  the  values  of  N  obtained  for  the  same  conditions 
of  gap  length,  jjolarity  and  irradiation,  but  for  different 


humidities,  were  plotted  against  applied  voltage,  the 
points  were  observed  to  lie  approximately  on  the  same 
curve  irrespective  of  the  humidity  at  which  they  had 
been  obtained.  From  these  curves,  the  values  Ni  i  of  the 
average  number  of  stepjs  existing  at  the  reference 
voltages  V|i  were  obtained  (Table  2).  It  was  found  that, 
for  a  given  gap  length.  Nil  had  approximately  the 
same  value  irrespjective  of  the  px)larity  and  conditions  of 
irradiation.  It  was  also  found  that  the  number  of  stepjs 
increased  almost  linearly  with  increasing  gap  length, 
the  average  value  of  Nil  being  approximately  three  for 
the  5cm  gapjs  and  15  for  the  30cm  gaps. 


Table! 


Average  number  of  steps  in  leader  current  at  reference 
voltages 

Gap 

len^ 

Positive 

impulse, 

irradiated 

Negative 

impulse, 

irradiated 

Positive 

impulse, 

un- 

irradiated 

Negative 

impulse. 

un* 

irradiated 

cm 

5 

4 

3 

3 

3 

10 

6 

5 

3 

6 

20 

11 

11 

11 

14 

30 

16 

- 

15 

14 

It  was  observed  that  the  average  length  of  step 
increased  approximately  linearly  with  increasing 
applied  voltage  but  was  independent  of  humidity.  A 
measure  of  the  effect  of  applied  voltage  on  the  average 
step  length  was  provided  by  the  slopjes  AL/AV  of  the 
best  straight  lines.  The  values  of  the  slopes  ranged  from 
+0.02cm/kV  to  0.09cm/kV  for  the  various  conditions  of 
the  gap.  The  maximum  step  length  observed  was  5  cm, 
which  was  obtained  at  an  overvoltage  of  approximately 
50%  above  Vii. 

6,  CONCLUSIONS 

The  present  work  has  stressed  the  inportance 
of  the  first  corona  burst  in  the  pnocess  of  impjulse 
breakdown  of  rod  gaps.  It  has  been  seen  that  the  first 
corona  Inirst  determines  the  initiation  of  the  p»sitive 
leader,  which  is  the  necessary  and,  in  most  cases, 
sufficient  precursor  to  breakdown.  The  variations 
occurring  in  the  50%  breakdown  voltages  of  the  rod 
gap  with  varying  conditions  of  humidity,  p»larity  and 
irradiation  could  thus  be  explained  largely  by  the  size 
of  the  first  corona  pulse. 
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ABSTRACT 

The  study  presents  the  characteristics  of  impulse 
breakdown  of  standard  rod  gaps  under  controlled-atmo- 
sphere  conditions  [1-5].  The  effect  of  humidity,  polarity 
and  irradiation  on  the  1/50  ps  impulse  voltage  breakdown 
and  time  lag  of  standard  rod  gaps  has  been  determined  for 
a  range  of  spacing  from  5cm  to  30cm  and  a  range  of  hu¬ 
midities  from  Ig/m^  to  24g/m’.  An  anomalous  condition  is 
reported  for  a  5  cm  unirradiated  gap  under  positives  im¬ 
pulses  in  which  the  slope  of  the  humidity  characteristic  is 
oposite  to  that  normally  obtained.  It  is  shown  that,  although 
the  time  lag  is  independent  of  humidity,  the  probability  of 
breakdown  in  the  sigmoid  region  is  not  independent  of 
humidity.  In  frnally,  this  study  presents  an  adequate  nu¬ 
merical  program  concerning  at  caracteristics  of  impulse 
breakdown  of  standard  rod  gaps  under  controlled-atmo- 
sphere  conditions. 

KEYWORDS:  Phenomena  in  ionized  gases ,  Ra¬ 
diation  effects,  impulse  testing. 

1.  INTRODUCTION 

The  main  object  of  this  work  has  been  to  determine 
the  influence  of  humidity  on  the  break-down  voltage  of 
rod-rod  gaps  in  atmospheric  air  using  l/50ps  waves  of 
both  polarities  for  spacings  in  the  range  5-30cm.  The 
absolute  breakdown  voltage  was  also  determined  for  the 
conditions  specified,  and  measurements  were  made  with 
and  without  irradiation.  These  measurements  formed  part 
of  a  larger  work  which  included  meusurement  of 
prebreakdown  phenomena  and  are  reported  in  another 
paper  [2].  The  time  lag  to  breakdown,  i.e,  the  collapse  of 
the  applied  voltage,  was  recorded  oscillographically  in 
each  case  and  is  used  to  determine  the  effect  of  the  other 
parameters  on  the  total  time  lag.  These  measurements 
were  mainly  on  gaps  of  lengths  greatier  than  those  in  the 
present  investigation  and  did  not  include  the  effects  of 
irradiation  [2].  It  is  clear,  however,  that  measurements  of 
the  effect  of  polarity,  and  hence  humidity,  which  is 
polarity  dependent,  will  depend  on  the  geometry  of  the 
gap  used.  This  geometry  is  determined  by  the  position  of 
the  ground  plane,  enclosure  walls  and  high-voltage  bush¬ 
ing,  so  that  a  given  set  of  measurements  is  applicable 
only  to  the  particular  geometry  used.  It  has  been  reported 
[2]  that  the  discharge  products  produced  by  sparking  inside 
an  enclosed  volume  affected  the  measurements,  but  in  the 


present  work  no  such  effect  was  detected  in  spite  of  runs 
involving  100  sparkovers  at  0-5min  intervals.  It  is  possible 
that  the  continuous  ventilation  provided  by  air  recircula¬ 
tion  was  responsible  for  removing  any  such  effect. 

2.  EXPERIMENTAL  TECHNIQUES 

The  impulse  voltage  was  produced  by  a  20-stage  stage 
400  kV  1/50(1$  impulse  generator  with  a  total  capacitance  of 
6300pF  [1-2].  The  voltage  was  measured  with  a  300pF  ca¬ 
pacitive  divider  which  also  served  as  the  wavefront  capaci¬ 
tor.  The  experimental  gap  was  enclosed.  In  a  steel  vessel 
having  the  shape  of  a  cylinder  3m  in  height  and  l-7m  in 
diameter.  The  humidity  in  the  vessel  could  be  set  to  any 
value  between  zero  and  25g/m’,  and  the  temperature  could 
be  adjusted  tween  -5°  C  and  -t-SO®  C.  Although  there  was 
provision  for  variing  the  pressure  between  Itorr  and  1500 
torr,  only  atmspheric  pressure  was  used.  The  impulse  volt¬ 
age  was  fed  into  the  vessel  via  a  porcelain  bushing  at  the 
top  which  extended  Im  into  the  vessel.  The  electrodes  used 
were  standard  rods;  i.  e.  square  cross-section  rods  of  1'27 
X 1  •27cm  with  their  ends  cut  square.  The  high-voltage  elec¬ 
trode  was  suspended  vertically  along  the  axis  of  the  cylin¬ 
drical  vessel  and  extended  halfway  down  the  vessel.  The 
high-voltage  electrode  was  hollow  to  allow  the  insertion  of 
a  Img  Ra^jj  needle  when  irradiation  of  the  gap  was  required. 
The  lower  electrode  was  insulated  from  both  its  supporting 
tripod  and  the  earthed  vessel,  and  was  completely  shielded 
except  for  a  length  of  3cm  at  its  tip.  The  currents  were  deter¬ 
mined  by  examining  the  voltage  across  a  750  series  resistor 
and  displaying  the  waveform  on  an  oscillograph  using  suitable 
screening  and  protective  circuits.  The  basic  technique  con¬ 
sisted  of  applying  a  number  of  impulse  voltages  of  a  given 
amplitude  to  the  gap.  The  voltage  levels  were  chosen  so  that 
the  range  of  breakdown  probability  expended  from  zero  to 
100%.  The  measurements  taken  at  one  level  of  voltage  for  a 
particular  condition  of  the  gap  constituted  a  'series',  and  the 
measurements  taken  over  the  complete  range  of  voltage  lev¬ 
els  for  the  same  gap  condition  constituted  a  'run'. 

3.  EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

Effect  of  humidity  on  50%  breakdown  voltage.For 
each  particular  condition  of  spacing,  polarity  and 
irradiation,  the  relationship  between  the  50%  breakdown 
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voltage  V  and  the  absolute  humidity  H  showed  no 
tendency  other  than  one  of  a  linear  nature.  Table  1  shows 
the  breakdown  voltage  at  a  humidity  of  1 1  g/m^  and 
Table  2  shows  the  slope  of  the  humidity  characteristic 
expressed  as  a  percentage  of  1',,.  Measurements  could 
not  be  taken  on  the  irradiated  30cm  gap  under  negative 
polarity  because  the  voltages  required  exceeded  the 
rating  of  the  capacitance  divider.  It  was  observed  that,  in 
all  cases  except  one,  the  slope  dv/dH  was  positive;  i.e.  an 
increase  in  humidity  produced  an  increase  in  the  50% 
breakdown  voltage  (Table  2).  This  is  in  agreement  with 
the  observations  of  numerous  workers.  In  one  case  (5cm 
gap  under  positive  impulse  and  without  inadiation), 
however,  the  slope  was  negative,  indicating,  a  decrease 
in  V  as  the  humidity  increased.  This  is  referred  to 
subsequently  as  the  anomalous  case.  With  the  exception 
of  this,  the  rod-gap  performance  under  positive  impulses 
was  fairly  uniform.  The  spacing  and  conditions  of 
irradiation  had  very  little  effect  on  the  humidity  correction, 
which  had  an  average  value  of  +0-8%  per  g/m*.  It  is 
therefore  surprising  that  the  anomaly  should  occur  with 
positive  impulses. 

Table  1 

ROD4«)I)-GAPBREAKDO\VNVOLTAGEATHUMIDrrY 

OFIlg/irf 


RiHi-riHi  gap  breakdown  volUgc 


Gan 

Icncth 

Positive 

impube, 

irradiated 

Negative 
imtHiUe. 
irradiated  ^ 

Positive 

impulw. 

un* 

irradiated  \ 

Negative 

impulse, 

un- 

irradiated 

cn.  i 

kV  1 

kV 

kV  ^ 

kV 

5 

54-6  1 

56  1 

58-8 

58-0 

10 

95-9  1 

89-6 

92-3 

,  92-1 

20 

146  6 

183-3 

164-5 

174-0 

30 

193-2 

209-6 

\ 

■  - - 

258-5 

Table  2 


EFFECTOFHUMIDnYONBREAKDOWNONROIWROD 

GAPS 


Humidity  corr^iion 


Gap 

length 

Poaittvc 
•  impube. 

!  irradiated 

1 

1 

Negative 

impulse. 

irradiated 

Positive 

impulse, 

un- 

irradialed 

Negative 

impulse, 

un¬ 

irradiated 

cm 

j  fiperg/mJ 

%perg/mJ 

per  g/m» 

*/,  per  g/mJ 

5 

1  0-53 

0-37 

-0-72 

0-31 

10 

1  0  94 

0  55 

0-92 

0-56 

20 

0-89 

1-29 

0-72 

0-83 

30 

0-96 

— 

0-55 

0-64 

4.  VARIATION  OF  BREAKDOWN 
VOLTAGE  WITH  SPACING,  POLARITY 
AND  IRADIATION 

The  polarity  of  the  applied  impulses  had  practicaly  no 
effect  on  for  the  unirradiated  gaps  at  shorter  spacings 
(Table  1).  For  the  20cm  and  30cm  gaps,  however,  the  negative 
breakdown  voltage  was,  respectively  6%  and  23%  higher 
than  the  positive  value.  This  polarity  effect  can  only  be 
ascribed  to  the  proximity  of  the  earthed  vessel:  the  field  is 
intensified  at  the  high-voltage  electrode  and  reduced  at  the 
earthed  electrode.  This  reduces  the  breakdown  voltage  when 
the  high-voltage  electrode  is  negative,  as  it  is  the  field  is 
near  the  positive  electrode  that  largely  determines  the 
flashover  of  a  rod-rod  gap.  It  is  readily  understood  that  the 
asymmetry  increases  with  gap  spacing. 

5.  CONCLUSIONS 

The  effect  of  humidity  on  the  breakdown  voltage  of 
the  standard  rod  gap  is  of  the  order  of  1  %  per  g/m^,  but  there 
are  variations  with  polarity,  gap  length  and.irradiation.  In 
general,  the  departures  from  this  figure  are  more  pronounced 
at  the  smaller  spacings. 

The  anomalous  behaviour  of  the  5cm  unirradiated  gap 
under  positive  impulses  is  attributed  to  a  humidity-dependent 
space-charge  effect  which  is  affected  by  irradiation.  This 
aspect  is  far  from  being  resolved,  and  it  is  fortunate  that  it  is 
confined  to  the  lower  range  of  spacings. 

The  curve  showing  Ihe  absence  of  an  effect  of  humidity 
on  the  time-lag/voltage  characteristic  is  of  mterest  in  insulation 
co-ordination,  since  it  also  illustrates  the  significance  of  the 
probability  of  breakdown  in  the  sigmoid  region.  If  a  rod  gap  is 
being  used  as  a  protective  gap  under  these  conditions,  humidity 
reduces  the  effectiveness  of  the  rod  gap  as  a  protective  device 
by  reducing  the  probability  of  breakdown. 

To  assess  ie  practical  aspects  of  this  limitation,  it  would 
be  necessary  to  compare  similar  humidity  characteristics  for 
the  insulation  in  question 
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Abstract:  The  influence  of  a  conducting  particle  on  the 
surface  of  solid  insulator  spacer  placed  in  nonuniform  field 
subjected  to  lightning  impulse  voltages  is  investigated  for 
different  air  and  SF6  gas  pressures.  The  discharge  initiation 
and  propagation  is  related  to  gas  pressure,  position  of  the 
particle  and  the  polarity  of  impulse  voltage  in  compressed 
air,  whereas  anomalous  discharges  were  observed  in  SF6. 


1.0  Introduction 

The  insulating  spacers  are  necessary  in  Gas  Insulated 
Systems.  Charges  produced  during  system  operation  are 
deposited  on  the  insulator  surface  and  modify  the  electric 
field  and  thus  influence  the  dielectric  strength  of  the 
system.  Surface  charges  play  an  important  role  in  the 
initiation  and  propagation  of  spacer  flashovers[l].  The 
investigations  are  underway  to  explain  the  role  of  surface 
charges  in  determining  the  reliability  of  compressed  gas 
insulated  systems.  Lightning  impulse  FOV  characteristics 
under  uniform  electric  field  conditions  with  a  metallic 
particle  representing  the  charge  source  is  reported  by 
the  authors  elsewhere  [2].  The  present  experimental 
investigation  is  to  study  the  role  of  surface  charges  in  the 
initiation  and  propagation  of  discharges  on  insulating 
spacer  surfaces  in  compressed  air  and  SF6  subjected  to 
nonuniform  electric  field  conditions. 

2.0  Experimental  setup  and  procedure 

The  experimental  investigations  were  carried  out  in  a 
steel  chamber  which  can  withstand  pressures  upto  10 
bars  having  hv  feeder  bushing  rated  for  450  kV  ac  and 
1050  kV  Impulse  voltages.  A  rod-plane  nonuniform 
field  electrode  geometry  (nonuniformity  factor  t;  =  0.21) 
was  used  in  the  experiments.  The  high  voltage  electrode 
was  a  cylindrical  brass  rod  of  diameter  12  mm  with 
hemispherical  tip  and  the  other  electrode  was  plane  120 
mm  Bruce  electrode  connected  to  ground.  The  impulse 
voltages  (1 .2/50  /tsec)  applied  to  the  system  were  provided 
by  4  stage,  500  kV,  15  kJ,  Marx  Generator.  The  experi¬ 
mental  details  and  procedure  is  reported  elsewhere  [2], 


3.0  Results  and  discussion 

A  cylindrical  PMMA  spacer  of  length  30  mm  and  dia 
50  mm  was  centrally  positioned  between  rod-plane 
elctrodes.  A  steel  wire  of  diameter  1  mm  and  length  5 
mm,  was  glued  to  the  insulator  surface  at  different 
positions  measured  from  the  bottom  electrode.  The 
positive  and  negative  impulse  breakdown  strengths  (Vb)  of 
spacer  with  a  conducting  particle  at  different  locations  for 
various  compressed  air  pressures  is  shown  in  figure  1. 
The  experimental  results  clearly  indicate  the  influence  of 
a  of  conducting  particle  on  the  values  of  breakdown 
voltage. 

For  negative  polarity  voltages  the  lowest  Vb  obtained 
are,  when  the  conducting  particle  on  the  spacer  surface  is 
close  to  plane  electrode  (d  =  2  mm).  Perhaps,  under 
negative  impulse  field  conditions  applied  to  rod  electrode, 
the  particle  when  situated  very  near  to  plane  electrode 
attains  positive  polarity  of  the  plane  electrode  either  by 
induction  or  through  conduction  bridged  by  micro 
discharges  resulting  in  point  -  rod  electrode  configuration 
and  hence  drastically  reducing  breakdown  strength  of  the 
system.  However  as  the  particle  position  gets  nearer  to 
the  rod  electrode  (d  =  22  mm)  progressive  improvement 
in  Vb  values  suggests  that  the  metallic  particle  switches 
over  to  induction  by  the  polarity  of  the  rod  electrode  and 
acts  as  an  extended  rod  electrode  increasing  the  point  - 
plane  gap  distances. 

For  positive  impulse  applications,  the  presence  or  the 
position  of  the  conducting  particle  on  the  spacer  does  not 
significantly  affect  the  Vb  values  as  is  evident  from  figure 
1 .  During  experimentation  it  has  been  experienced  that 
every  time  polarity  is  reversed  the  flashover  occured 
initially  at  low  Vb  values  and  breakdown  voltages  raised 
with  increasing  number  of  voltage  applications  reaching 
saturation.  Similar  trend  was  noticed  in  the  studies  for 
rod  diameter  of  6  mm  (nonuniformity  factor  tj  =  0.125, 
results  not  shovm)  keeping  the  other  conditions  common. 
At  pressures  above  200  kPa  positive  impulse  breakdown 
voltages  saturate  due  to  combination  of  charge  spread  on 
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Figure  1 .  Breakdown  voltage  as  a  function  of  Air  pressure,  for  30  mm 
long,  50  mm  dia  PMMA  spacer 

the  surface  adjacent  to  rod  electrode  and  suppression  of 
prebreakdown  currents.  Probably  the  saturated  Vb  data 
suggests  role  played  by  maximum  accumulated  surface 
charges  on  the  spacer.  Similar  accumulated  charge 
controlled  spacer  surface  flashover  behaviour  has  been 
reported  by  Takaaki  et  al  [3]. 

Even  for  nonuniform  field  condition  the  discharges 
were  visually  observed  to  originate  from  the  conducting 
particle  and  propagates  along  the  spacer  surface,  similar 
to  the  discharge  initiation  process  observed  in  uniform 
field  conditions  [2],  The  intermittent  carbonized  tracks 
seen  on  examination,  left  by  the  discharges  in  different 
directions  on  the  spacer  surface  to  originate  from  the 
location  of  particle;  strongly  suggest  that  the  breakdown 
process  is  controlled  by  spacer  surface  conditions. 

Preliminary  data  of  positive  impulse  breakdown 
characteristics  are  plotted  in  figure  2,  for  30  mm  long,  50 
mm  diameter  PMMA  spacer  in  nonuniform  field  without 
and  with  particle  at  different  positions  for  SF6  gas 
pressures.  With  the  inclusion  of  conducting  particle  on 
spacer  surface,  there  is  no  consistency  in  the  breakdown 
data  (Vb)  pattern.  Discharge  initiations  seem  to  be 
governed  by  additional  factors  [5],  Observed  tracking 
patterns  are  not  always  originated  from  the  location  of 
conducting  particle  on  the  spacer  surface.  Surface 
discharges  in  SFe  gas  appears  to  be  largely  controlled  by 
memory  of  the  charge  accumulated  pattern  decided  by  the 
immediate  past  discharge  due  to  breakdown. 


o 


Figure  2.  Breakdown  voltage  as  a  function  of  SFe  gas  pressure,  for  30 
mm  long,  50  dia  PMMA  spacer 


4.0  Conclusions 

In  compressed  air  insulation  system,  the  surface 
flashover  conditions  are  also  determined  by  the  possible 
charges  accumulating  and  their  locations  on  insulator 
spacers  under  nonuniform  field  conditions.  Apparently,  in 
SF6  insulation  system  with  spacers,  the  mechanisms  of 
surface  discharges  are  yet  to  be  understood  clearly  to 
explain  the  anomaly  in  the  breakdown  data. 
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Abstract 

Ion  mobility  spectrometers  (IMS)  are  analytical  instru¬ 
ments  for  rapid  and  sensitive  detection  of  gaseous 
pollutants.  The  high  mobility  and  range  of  applications 
of  these  instruments  are  partially  restricted  by  limita¬ 
tions  of  the  ionisation  sources  used.  Partial  dischturges 
are  proposed  as  an  alternative  to  the  commonly  used 
“Ni  B-radiation  sources  and  UV-lamps.  A  suitable 
geometry  and  its  characteristics  are  discussed  and  an 
IMS  with  partial  discharge  ionisation  is  described. 

Introduction 


1).  Sufficient  voltage  applied  between  the  two 
electrodes  generates  a  highly  inhomogeneous  electric 
field,  which  exceeds  the  dielectric  strength  of  the  gas  in 
the  surrounding  of  the  needle  (©).  The  electron 
avalanches  formed  there  drift  towards  the  subsequent 
region  of  lower  electric  field  to  be  attached  to  neutral 
molecules  forming  ions  (®),  which  then  continue  (@) 
the  drift  to  the  plate.  These  ions  may  be  analysed  with 
ion  mobility  spectrometry,  requiring  only  a  suitable 
interface. 

Employment  of  Partial  Discharges  for  Ion 
Mobility  Spectrometry 


During  the  last  two  decades  ion  mobility  spectrometry 
has  been  increasingly  employed  for  sensitive  detection 
of  organic  compounds  in  air.  A  separation  of  previously 
ionised  compounds  is  achieved  by  means  of  their  differ¬ 
ent  mobilities  within  an  electric  field.  Collection  of  the 
charge  of  these  ions  on  a  faraday  plate  delivers  a  time 
resolved  signal,  the  ion  mobility  spectrum. 

The  traditional  fields  of  operation  were  detection  of 
narcotics  and  explosives.  Here  '’^Ni  B-radiation  sources 
and  sometimes  UV-lamps  were  employed  as  ionisation 
sources. 

Nowadays  new  applications  as  the  quality  assessment  of 
SFn  in  gas  insulated  substations  exhibit  limitations  such 
as  internal  corrosion  or  public  acceptance  of  radioactive 
sources  and  require  new  ionisation  sources.  A  possible 
effect,  which  may  be  exploited  are  partial  discharges 
occurring  in  a  highly  inhomogeneous  electric  field. 

Partial  Discharges  in  a  Point-to-Plane 

Geometry 

One  of  the 
classical 
geometries  to 
generate 
partial 

discharges  in 
a  gas  consists 
of  a  point  in 
the  vicinity 
of  a  plane, 
technically 
realised  with 
a  needle 
electrode  and 

Fig.  1:  Point-to-plane  geometry  a  plate  (Fig. 


Especially  for  the  analysis  of  SFn,  the  common  ionisa¬ 
tion  sources  fail.  The  possible  occurrence  of  corrosive 
by-products  restricts  the  use  of  radioactive  material  and 
the  very  strong  UV-absorption  of  the  matrix  SF^  makes 
photoionisation  impossible.  Hence,  a  partial  discharge 
ionisation  source  was  developed,  replacing  the  plate 
shown  in  Fig.  1  by  a  fine  meshed  grid.  This  grid  permits 
the  drift  of  the  ions  generated  in  the  partial  discharge 
through  the  spacing  between  the  wires  into  the  drift 
region  attached  below  it.  The  separation  process  occur¬ 
ring  there  is  based  on  different  mobilities  of  different 
ions  in  an  electric  field  after  formation  of  ion  swarms  by 
use  of  a  periodically  opened  shutter  grid.  This  allows  an 
observation  of  the  further  behaviour  of  ions  generated  in 
partial  discharges  at  ambient  pressure  and  a  detection  of 
trace  compounds  in  the  matrix  gas  (SFb).  A  further 
description  of  the  spectrometer  may  be  found  in  /!/. 

Requirements  for  a 
partial  discharge 
ionisation  source 

As  partial  discharges  are 
a  non  linear  effect,  the 
determinaton  of  suitable 
operating  conditions  is  of 
considerable  interest. 

Above  the  inception 
voltage,  the  ionisation 
rates  are  adjustable  with 
the  voltage  (Fig.  2).  For  ion  mobility  spectrometry,  only 
a  small  portion  of  the  gas  contained  in  the  ionisation 
chamber  is  to  be  ionised,  resulting  in  ionic  currents  in 
the  range  below  a  Nanoampere.  Operation  with  higher 
currents  suffers  from  parasitic  effects  like  coulombic 
repulsion  or  clustering.  For  the  point-to-plane  geometry 
discussed  here,  this  current  is  produced  for  voltages  only 
slightly  above  the  inception  voltage  for  partial 


Fig.  2:  Current  generated 
by  partial  discarges 
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Fig.  3:  Characteristic  of  point-to-plane  geometry 


discharges.  Fig.  3  shows  the  ionic  current  in  the  experi¬ 
mentally  used  geometry.  The  operating  range  for  best 
performance  is  indicated.  Because  of  the  steep  charac¬ 
teristic  in  this  range,  even  small  changes  of  the  inception 
voltage  lead  to  serious  variations  in  the  amount  of  ions 
generated.  As  this  may  be  induced  by  small  variations  of 
the  tip  of  the  needle,  a  regulation  would  be  conceivable. 

Stabilisation  of  the  ionic  current 

Stable  conditions  for  ion  mobility  spectrometry  are 
defined  by  a  constant  generation  rate  for  ions.  In  a 
strongly  electronegative  gas  as  SF(i,  the  overall  balance 
of  charge  is  virtually  unaffected  by  charge  transfer 
reactions.  This  allows  to  use  the  total  charge  accumu¬ 
lated  during  acquisition  of  each  spectrum  as  a  reference 
for  the  ion  generation  by  the  ionisation  source.  This  can 
be  easily  realised  with  an  analogue  low  pass  filter 
connected  to  the  signal  output  of  the  spectrometer.  The 
resulting  signal  was  used  as  input  for  the  regulating 
circuitry.  The  characteristic  contains  a  proportional  and 
integral  component  to  achieve  a  sufficiently  fast  and 
precise  stabilisation  of  the  ion  generation.  Additionally, 
the  data  acquisition  software  vvas  updated,  halting  data 
acquisition  during  short  instabilities. 


Ionisation 

voltage 

source 


Voltage 


Partial 

discharge 

^Current 
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^  Sign^ 
Amplitude 


Multiplier 
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Fig.  4:  Sketch  of  the  stabilisation  unit 


Characterisation  of  ions  generated  by  partial 
discharges 

The  ionisation  unit  described  here  is  capable  of  deliver¬ 
ing  a  constant  amount  of  ions  into  the  drift  region  of  an 
IMS,  allowing  a  characterisation  of  ionic  species  by 
means  of  their  mobilities.  Such  an  experiment  allowed 
to  distinguish  between  two  different  ion  generated  by 
partial  discharges  (Fig.  5).  The  corresponding  mobilities 
are  indicated  in  the  figure,  the  ions  are  supposed  to  be 
SF6and  SFj',  respectively. 


Fig.  5:  Mobility  spectrum  of  negative  ions  generated  by 
partial  discharges 


Conclusions 

An  unconventional  ionisation  source  was  developed  for 
ion  mobility  spectrometry,  avoiding  the  use  of  radioac¬ 
tive  material  or  UV-transparent  windows.  A  suitable 
operating  range  was  determined  and  stabilised  with  a 
regulation  unit.  The  feasibility  of  this  ionisation  source 
for  ion  mobility  spectrometry  was  demonstrated.  For 
further  studies,  a  combination  of  the  partial  discharge 
ionisation  source  with  an  ion  mobility  spectrometer  and 
a  mass  spectrometer  is  scheduled. 
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1.  Introduction 

Design  of  cathodes  of  liigh-pressnre  discharge 
lamps  could  be  facihtated  if  physics  of  near-cathode 
phenomena  were  well  understood  and  an  appropriate 
theoretical  model  developed  [1].  An  adequate  calcu¬ 
lation  model  of  near-cathode  phenomena  is  an  impor¬ 
tant  constituent  of  any  model  of  the  lamp  on  the  whole 

(e-g--  12])- 

The  aim  of  this  contribution  is  to  analyze  near- 
cathode  phenomena  in  liigh-pressure  arc  discharge 
lamps  by  means  of  the  approach  suggested  in  [3].  The 
main  attention  is  paid  to  case  of  a  mercury  plasma  at 
the  pressiure  of  30  atm  and  a  tungsten  cathode. 

2.  Macroscopic  length  scales  and  mean  free 

paths 

The  near-cathode  layer  includes  a  space-charge 
sheath  adjacent  to  the  cathode  surface  where  devia¬ 
tions  from  quasi-neutrality  occur  and  a  quasi-neutral 
ionization  layer  without  ionization  equilibrium. 

If  thermal  equilibrium  maintains  in  the  ioniza^ 
tion  layer,  ionization  is  governed  by  the  heavy-particle 
temperature,  which  is  relatively  low,  and  the  plasma 
in  the  near-cathode  layer  is  weakly  ionized.  The  ion¬ 
ization  layer  will  be  in  thermal  equilibrium  if  the 
thickness  of  the  ionization  layer  is  greater  then  the 
length  of  electron  energy  relaxation.  Otherwise  there 
is  no  equilibrium  and  the  plasma  may  be  strongly  ion¬ 
ized. 

The  scale  of  thickness  of  the  ionization  layer 
is  represented  by  the  recombination  length  d  = 
where  is  the  recombination  rate 
constant,  ricoo  is  the  number  density  of  the  charged 
particles  at  the  edge  of  the  ionization  layer,  and  is 
the  coefficient  of  ambipolax  diffusion. 

The  length  of  electron  energy  relaxation  is  esti¬ 
mated  using  the  formula  A„  =  +  AeV)]  , 

where  X^i  and  Aeo  are  the  mean  free  paths  for  electron- 
ion  and  electron-neutral  collisions,  respectively,  and 
the  parameter  5  characterizes  the  energy  exchange  be¬ 
tween  an  electron  and  a  heavy  particle. 

The  hierarchy  of  the  length  scales  and  various 
mean  free  paths  for  the  case  Te  =  T, ,  where  Tg  is  the 
electron  temperature,  is  as  follows: 

Ago^  Aio  "^Aqo ^  h  '^Ag d,  ^Xa  ^  Ag^  ~  Agg  ,  (1) 

0.01  0.02  0.2  0.4  5  55  05 

the  heavy-particle  temperature,  T/,,  here  and  further 
is  set  equal  to  4000  K,  the  numbers  below  are  val¬ 
ues  in  pm;  h  is  the  Debye  length,  Aio,  Aoo,  Xu,  and 


Agg  designate  mean  free  paths  for  collisions  ion-atom, 
atom-atom,  ion-ion,  and  electron-electron.  While  ob¬ 
taining  these  values,  the  Saha  equation  of  ionization 
equilibrium  and  the  formula  of  Hinnov  and  Hirshberg 
have  been  used.  The  average  cross  section  for  electron- 
neutral  atom  collisions  was  obtained  by  integration  of 
the  momentum-transfer  cross  section  given  in  [4],  and 
those  of  ion-atom  and  atom-atom  collisions  were  set 
equal  to  10“^®  m.^  and  m^,  respectively.  The 

ioni2Kition  degree  in  this  case  is  quite  low  (1.8  ■  10~®). 

Condition  A„  d  is  satisfied,  so  these  estimates 
are  self-consistent  and  these  regimes  can  realize. 

The  latter,  however,  does  not  mean  that  regimes 
with  Te  ^  Th  cannot  realize.  Consider,  for  example, 
the  case  Tg  =  7000  K.  The  hierarchy  is 

Ago</i  ~  AjO'CAji  <Aoo  ~  d<Agi  ~  Agg'CA^  .  (2) 

0.01  0.02  0.1  0.2  0.4  6 

Since  d  A„,  the  estimates  are  self-consistent 
and  these  regimes  can  realize.  The  ionization  degree 
is  1.8  •  10~*.  With  the  increase  of  electron  tempera¬ 
ture  the  ionization  degree  will  increase,  while  the  scale 
ordering  will  suffer  no  significant  change. 

Thus,  one  should  conclude  that  a  regime  of  a 
weakly  ionized  plasma  in  thermal  equilibrium  and  a 
regime  of  a  moderately  to  strongly  ionized  plasma 
with  differing  temperatures  of  the  electrons  and  of 
the  heavy  particles  are  both  possible.  The  question 
is  which  one  of  them  realizes  in  the  range  of  current 
densities  typiccil  for  arc  lamps. 

3.  Regimes  with  a  weeddy  ionized  plasma  in 

thermal  equilibrium 

In  these  regimes,  distributions  of  the  number  den¬ 
sities  of  the  ions  and  electrons  and  of  the  electric  field 
strength  in  the  near-cathode  plasma  may  be  described 
by  the  system  of  hydrodynamics  equations  and  the 
Poisson  equation.  The  dominating  mechanisms  of  ion¬ 
ization  and  recombination  must  now  be  specified. 

The  neutral  atoms  may  be  ionized  by  electron 
impact,  by  impact  of  a  neutral  atom,  and  by  a  photon 
(photoionization).  Recombination  may  occur  by  the 
respective  inverse  processes. 

Three-body  recombination  rate  constants  have 
been  obtained  by  means  of  the  formula  of  Hinnov  and 
Hirshberg  for  the  case  of  an  electron  as  a  third  body 
and  by  meeins  of  the  extended  J.  J.  Thomson  theory 
of  three-body  recombination  for  a  neutral  atom  as  a 
third  body.  Considering  a  typical  radiative  recombi¬ 
nation  rate  constant  of  10"^®  m®/s,  we  conclude  that 
three-body  recombination  with  a  neutral  atom  as  a 


XXni  ICPIG  (  Toulouse,  France  )  17  -  22  July  1997 


V-33 


third  body  and  radiative  recombination  are'  iinessen- 
tiai  as  compared  to  three-body  recombination  tvith  an 
electron  as  a  tliird  body.  With  account  of  the  principle 
of  detailed  btJancing,  one  can  conclude  that  dominat¬ 
ing  mechanisms  of  ionization  in  the  considered  condi¬ 
tions  is  ionization  by  electron  impact  (cf.  [2]). 

An  asymptotic  solution  of  the  system  of  hydrody¬ 
namics  equations  and  the  Poisson  equation  has  been 
constructed,  the  ratio  h/d  was  considered  as  a  small 
parameter.  Analytic  solutions  have  been  obtained  for 
each  zone,  including  the  sheath  and  the  ionization 
laver,  and  for  the  voltage  drop  in  the  near-cathode 
layer. 

On  the  basis  of  tliis  solution,  a  conclusion  has 
been  made  that  regimes  with  a  weakly  ionized  plasma 
in  thermal  equilibrium  can  hardly  realize  because  of 
two  reasons:  first,  the  electric  field  necessary  to  sup¬ 
port  the  required  current  density  is  quite  .strong  and 
would  heat  the  electrons  appreciably;  second,  such  a 
field  would  induce  an  unrealistically  liigh  (of  order  of 
several  kilovolts)  voltage  on  the  near-cathode  layer. 

4.  Regimes  with  a  moderately  or  strongly 

ionized  non-equilibrium  plasma 

According  to  estimates  (2),  the  Debye  length  in 
these  regimes  is  comparable  to  the  ion  mean  free  path. 
One  can  consider  the  sheath  in  the  simplest  approxi¬ 
mation  as  collision  free  for  the  ions. 

One  can  use  the  model  suggested  in  [3] ,  with  the 
current  density  as  input  parameter,  all  other  parame¬ 
ters  will  result  from  the  calculations. 

The  near-cathode  voltage  drop  U  calculated  by 
means  of  this  model  for  the  surface  temperature  of 
3000  K  is  shown  if  Fig.  1.  The  voltage  drop  corre¬ 
sponding  to  the  current  density  of  10®  A/m?  is  about 
10  V,  which  does  not  look  unreasonably  Irigh. 

The  electron  temperatiue  in  the  ionization  layer 
increases  with  the  increase  of  the  current  density  but 
remains  below  9000  K,  see  Fig.  1.  Hence  the  plasma 
remains  moderately  ionized  in  the  whole  range  of  the 
current  densities  considered. 

One  can  conclude  that  regimes  of  a  diffuse  cmrent 
transfer  to  cathodes  of  arc  lamps  [1]  may  be  explained 
by  means  of  the  model  [3]  as  regimes  with  moderately 
ionized  plasmas. 

In  solving  the  problem  of  the  heat  regime  of  the 
cathode  one  obtains  a  non-unique  solution  [5]:  a  so¬ 
lution  with  a  smooth  distribution  of  the  temperature 
over  the  cathode  surface,  describing  the  diffuse  regime 
of  cmrent  transfer  to  the  cathode  surface,  and  one  or 
more  solutions  describing  regimes  with  spots.  A  one- 
spot  solution  is  described  by  the  model  [3] . 

Consider,  for  example,  a  solution  given  by  the 
model  [3]  for  a  spot  with  the  current  of  1.7  A.  The 
voltage  drop  is  17.3  V  in  the  space-charge  sheath  and 
3.7  V  in  the  ionization  layer.  The  spot  temperature 
is  4850  K,  which  is  above  the  melting  temperature 
of  tungsten.  The  spot  radius  is  about  26  jim..  The 


electron  temperature  is  about  47000  K.  Fraction  of 
the  ion  current  is  0.16  and  the  ratio  of  the  current 
density  of  the  counterdiffusing  plasma  electrons  to  the 
total  cturent  density  is  0.33. 

One  can  conclude  that  the  hot-spot  regimes  of 
current  transfer  to  cathodes  of  arc  lamps  may  be  ex¬ 
plained  by  means  of  the  model  [3]  as  regimes  with 
.strongly  ionized  plasmas. 

5.  Conclusions 

Analysis  by  means  of  the  model  [3]  indicates 
that  the  diffuse  mode  of  cmrent  transfer  to  cathodes 
of  liigh-pressure  arc  lamps  may  be  explained  as  the 
regime  with  a  moderately  ionized  plasma  and  the  hot¬ 
spot  mode  may  be  explained  as  the  regime  with  a 
.strongly  ionized  plasma;  the  regime  of  a  weakly  ion¬ 
ized  plasma  with  the  electron  temperatme  close  to  the 
heavy-particle  temperatme  is  unlikely  to  realize. 

Quantitative  results  of  the  present  work  should  be 
considered  as  preiiminary  until  the  theoretical  model 
has  been  refined  and  the  effect  of  non-ideality  of  the 
plasma  has  been  clarified. 
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Fig.  1.  The  near-cathode  voltage  drop  (fuU  line)  and 
the  electron  temperatme  in  the  ionization  layer  (bro¬ 
ken  line). 
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1.  Introduction 

One  of  key  questions  in  understanding  physics 
of  cathodic  parts  of  atmospheric-pressure  arc  dis¬ 
charges  is  the  question  of  the  electron  temperature: 
whether  it  deviates  from  the  heavy-particle  temper¬ 
ature  and  if  it  does,  in  which  region  this  deviation 
is  localized.  Unfortunately,  experimental  investiga¬ 
tion  of  non-equilibrium  phenomena  near  cathodes  of 
atmospheric-pressure  arc  discharges  (e.g.,  [1-3]  and 
references  therein)  is  far'from  complete  and  no  answer 
to  this  question  has  been  obtained  yet. 

Even  the  most  recent  theoretical  models  are  es-  ■ 
sentially  different  as  far  as  the  electron  temperature 
is  concerned.  In  particular,  in  the  models  [4, 5]  the 
electron  temperature  is  assumed  to  be  in  equilibrium 
with  the  temperature  of  heavy  particles.  In  the  mod¬ 
els  [6-8]  a  deviation  of  the  electron  temperature  from 
the  heavy-particle  temperature  is  taken  into  account, 
however  is  assumed  to  be  localized  in  a  layer  of  a  thick¬ 
ness  of  order  of  100  pm.  Electron  temperatures  cal¬ 
culated  exceed  substantially  the  heavy-particle  tem¬ 
perature  and  are  of  order  of  2  •  10'*  K.  In  [9],  electron 
temperatures  in  excess  of  4  •  10“*  K  have  been  calcu¬ 
lated,  the  electron  energy  equation  was  treated  in  an 
integral  balance  form. 

The  aim  of  this  contribution  is  to  analyze  qual¬ 
itatively  the  electron  energy  equation  in  the  near¬ 
cathode  region.  In  particular,  validity  of  the  above- 
mentioned  theoretical  approaches  is  considered. 

2.  Electron  energy  equation 

We  write  this  equation  under  the  assumption  that 
collisions  between  charged  particles  dominate  over 
their  collisions  with  neutrals  and  that  mean  veloci¬ 
ties  of  all  species  are  much  smaller  than  respective 
thermal  velocities: 


V  •  (aeeVTe)  +  V  ■ 

Ct^ 


q/3 


+  je  •  E 


Se^rigk 

CTem.i 


(n  -  T,.)  + 

ad 


0.  (1) 


Here  7e  is  the  dimensionless  thermal-diffusion  coeffi¬ 
cient  of  electrons  and  is  a  rate  of  change  of  elec¬ 
tron  energy  due  to  reactions,  all  other  designations  are 
conventional.  The  particle  mass  m;  of  all  ion  species 
is  assumed  to  be  the  same. 

Quantities  below  terms  of  Eq.  (1)  represent  es¬ 
timates  of  their  relative  orders.  Here  a  =  A^/L, 


Au  =  y/mifmelneQcoui  is  the  length  of  electron  en¬ 
ergy  relaxation,  L  is  a  local  macroscopic  length  scale, 
=  ilerieCi,  j  is  the  electric  current  density,  Ci  is 
the  thermal  velocity  of  ions,  Qcoui  is  a  characteristic 
Coulomb  cross  section. 

In  the  case  L  and  j  engCi,  the  fourth 

term  of  Eq.  (1)  is  dominating.  One  gets  Tg  «  T/,,  i.e., 
the  plasma  is  in  thermal  equilibrium. 

In  the  case  A^  -C  L  and  j  =  O  (eUgCi),  the  third 
and  fourth  terms  of  Eq.  (1)  are  dominating.  Employ¬ 
ing  Ohm’s  law,  one  finds  that  Eq.  (1)  is  reduced  to 
the  equation  of  local  balance  between  the  Joule  heat¬ 
ing  and  the  energy  transferred  in  elastic  collisions  with 
ions.  It  follows  that 


Te-Tu 


Triif 


(2) 


3.  Application  to  near-cathode  region  of 
atmospheric-pressure  arcs 

We  divide  the  near-cathode  region  into  the  space- 
charge  sheath,  the  ionization  layer,  and  the  expansion 
zone.  The  sheath  is  treated  in  available  models  either 
as  collision-free  (e.g.,  [6-9])  or  as  collision-dominated 
[5].  In  the  collision-free  model  the  sheath  is  described 
kinetically  and  the  question  of  whether  thermal  equi¬ 
librium  holds  in  the  sheath  does  not  arise.  In  the 
collision-dominated  model  this  question  arises  how¬ 
ever  is  not  crucial,  since  ionization  (which  is  the  pro¬ 
cess  most  strongly  affected  by  variations  of  electron 
temperature)  is  not  essential  in  the  sheath.  Therefore, 
the  sheath  is  excluded  from  the  subsequent  estimates. 

An  idea  of  a  scale  of  thickness  of  the  ionization 
layer  can  be  obtained  by  considering  the  case  when 
only  singly  charged  ions  are  present:  in  this  case,  the 
above  scale  may  be  set  equal  to  the  recombination 
length  d,  which  is  of  order  of  10  —  50  /zm  [9].  The 
expansion  zone  is  an  adjacent  to  the  cathode  spot 
pletsma  region  of  an  extension  of  order  of  the  spot  ra¬ 
dius  r,,  in  which  the  current  density  is  reduced  from 
high  values  typical  for  the  spot  to  substantially  lower 
values.  Assuming  that  the  spot  radius  is  of  order  of 
1  mm,  one  finds  that  r,  »  d. 

If  A„  C  d  and  jc  erigCi  (here  jc  is  a  charac¬ 
teristic  current  density  in  the  spot),  the  plasma  is  in 
thermal  equilibrium  both  in  the  ionization  layer  and 
in  the  expansion  zone.  This  is  the  case  in  which  the 
approach  [4,5]  is  justified. 

If  A„  =  0{d)  and  jc  <§1  ertgCi,  thermal  equilib¬ 
rium  maintains  in  the  expansion  zone  but  is  violated 
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in  the  ionization  layer.  Since  the  thickness  of  the  ion¬ 
ization  layer  is  much  smaller  than  the  spot  radius,  one 
can  employ  the  electron  energy  equation  (1)  in  a  one¬ 
dimensional  form.  A  boundary  condition  at  the  edge 
of  the  layer  is  Te=Th-  Governing  processes  are  elec¬ 
tron  heat  conduction  and  energy  exchange  due  to  elas¬ 
tic  collisions  with  ions;  convective  enthalpy  transport, 
thermal  diffusion,  work  of  the  electric  field,  and  the 
change  of  electron  energy  due  to  reactions  are  smaller 
effects.  The  approach  employed  in  [7, 8]  is  justified  in 
the  considered  case. 

If  =  O  (d)  and  jc  =  O  (ericCi),  thermal  equi¬ 
librium  is  violated  both  in  the  ionization  layer  and  in 
the  expansion  zone.  In  the  latter,  the  electron  temper¬ 
ature  is  governed  by  Eq.  (2).  The  difference  Tg—Th, 
being  substantial  in  the  inner  part  of  the  expansion 
zone  where  j  =  O  (jc),  decreases  proportionally  to 
as  the  distance  from  the  spot  increases.  Distribution 
of  the  electron  temperature  in  the  ionization  layer  is 
described  by  Eq.  (1)  in  a  one-dimensional  form  with 
the  boundary  condition  supplied  by  Eq.  (2). 

If  Au  =  O  (r.)  and  jc  =  O  (erieCi),  thermal  equi- 
librimn  is  violated  both  in  the  ionization  layer  and  in 
the  expansion  zone.  Distribution  of  the  electron  tem¬ 
perature  in  the  expansion  zone  is  governed  by  Eq.  (1), 
in  which  the  electron  current  density  je  is  replaced  by 
the  total  current  density  j.  In  the  ionization  layer,  the 
electron  energy  equation  in  the  first  approximation  is 
reduced  to  equation  of  constancy  of  the  electron  heat 
flux.  If  one  assumes  that  A„/d  »  ellD/kTc,  then 
the  flux  of  energy  brought  in  the  ionization  layer  by 
emitted  electrons  is  smaller  than  characteristic  values 
of  the  electron  heat  flux  inside  the  ionization  layer, 
and  one  finds  that  the  electron  temperature  is  in  the 
first  approximation  constant  in  the  ionization  layer. 
In  order  to  find  this  constant,  one  should  consider  the 
electron  energy  equation  in  the  second  approximation, 
which  amounts  to  considering  an  integral  balance  of 
the  electron  energy.  The  integral  balance  approach 
employed  in  [9]  is  justified  in  this  case. 

In  order  to  find  out  which  case  realizes  for  some 
or  other  particular  arc,  it  is  convenient  to  calculate  Tg 
as  a  function  of  j  by  means  of  Eq.  (2),  in  which  Ue  is 
considered  as  an  equilibrium  value  corresponding  to 
the  considered  Tg.  Evidently,  the  deviation  Tg  —  Th 
found  in  this  way  for  a  given  j  =  jc  characterizes  a 
relation  between  jc  and  eugCi. 

Results  of  calculation  for  argon  at  the  pressure  of 
1  atm  and  =  2-10^  K  are  shown  in  the  figure.  Also 
shown  are  the  length  of  electron  energy  relaxation  Au 
and  the  average  charge  number  of  the  plasma  Z.  No 
solution  exists  when  jc  exceeds  a  certain  critical  value, 
which  is  approximately  0.896  •  10®  A/m^.  Two  solu¬ 
tions  exist  when  jc  is  below  this  value,  only  lower  one 
being  shown  on  the  graph. 

In  most  models,  values  of  the  current  density  in 
the  cathode  spot  exceed  10®  Ajrr?.  No  solution  exists 
for  these  values.  Even  for  lower  values  the  difference 


Tg-This  quite  appreciable  [which  corresponds  to  jc  = 
O  {etigCi)];  for  example,  Tg  —  Th  at  0.5  •  10®  A/m^  is 
approximately  5  •  10®  and  the  average  charge  number 
is  1.27.  The  length  of  electron  energy  relaxation  is 
0.44  mm,  i.e.,  is  comparable  to  the  spot  radius. 


4.  Conclusions 

Estimates  for  a  1  atm  Mgon  plasma  show  that  at 
current  densities  typical  for  cathode  arc  spots  thermal 
non-equilibrium  is  quite  appreciable  and  occurs  not 
only  in  the  ionization  layer,  but  also  in  the  expansion 
zone.  Since  the  length  of  electron  energy  relaxation 
is  comparable  to  the  spot  radius,  the  approximation 
of  local  balance  between  the  Joule  heating  and  the 
energy  transferred  in  elastic  collisions  cannot  be  used 
and  one  ^ould  treat  a  multi-dimensional  electron  en¬ 
ergy  equation  in  order  to  find  a  distribution  of  the 
electron  temperature  in  the  expansion  zone.  In  the 
ionization  layer,  one  can  apply  the  integral  balance 
approeich. 

The  work  has  been  supported  by  FEDER  and  by 
the  program  PRAXIS  XXI. 
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1.  Introduction 

Numerical  modelling  of  plasma  arc  jets  is  a  developing 
area  since  few  years.  This  development  results  in  the 
increase  of  applications  of  plasma  generator  (for 
example,  the  satellite  propulsion  system  or  the  plasma 
wind  turmel)  and  in  the  need  of  less  expensive  control 
method  of  plasma  parameters. 

The  cathode  of  thruster  used  at  the  Laboratoire 
d’Aerothermique,  is  made  of  zirconium  and  consists  in 
an  2  nun  diameter  implant  in  a  copper  water-cooled 
support.  The  anode  is  constituted  of  a  copper  nozzle 
with  a  cylinder  constrictor  of  4  mm  diameter  and  5  mm 
long.  The  angle  of  the  nozzle  is  30°  and  it  is  44  mm 
long.  The  electric  arc  is  created  in  the  constrictor  only. 
In  the  constrictor,  the  gas  is  heated  by  Joule  effect: 
strong  velocit)'  and  temperature  radial  gradients  appear. 
During  the  expansion  phase,  in  the  nozzle,  the  pressure 
and  the  temperature  decrease  rapidly  while  the  velocity- 
increase.  Others  strong  axial  gradients  are  observed. 
Modelling  this  kind  of  plasma  involve  to  solve 
numerically  a  set  of  equations  in  which  all  the  main 
physical  processes  are  take  into  account.  But  because  of 
the  large  variety  of  plasma  generator  construction  and 
specific  conditions  of  the  flow,  several  methods  are 
used  [1-3].  These  methods  differ  in  the  form  of  the 
plasma  flow  equations,  in  the  discretization  scheme,  the 
numerical  grid  and  the  solver  algorithm. 

In  this  paper,  the  plasma  flow  in  the  thruster  is 
modelled  using  the  conservative  integral  form  of  the 
conservation  equation  of  mass,  electron,  momentum, 
energies  and  current  density  .  The  first  steps  of  the  study 
by  a  finite  volume  method  are  presented. 

2.  Numerical  method  and  plasma  equations 

The  set  of  plasma  flow  equations  can  be  expressed 
under  different  forms;  the  integral  or  differential 
conservative  form,  and  tlie  differential  non- 
conservatire  form.  Although  either  formulations  are 
physically  correct,  numerical  experiments  and 
comparisons  [4]  show  that  the  use  of  non-conservative 
formulations  gives  generally  less  accurate  results  than 
conservatives  ones,  particularly  in  the  presence  of 
strong  gradients. 

In  the  finite  volume  method  is  the  name  given  to  the 
technique  by  which  the  integral  formulation  of  the 


conservation  laws  is  discretized  directly  in  the  physical 
space  by  integrating  the  equations  over  a  control 
volume.  In  the  other  well-used  method,  the  finite 
difference  one,  the  differential  form  of  the  equations  is 
discretized  in  an  infinitesimal  volume  around  the  grid 
node.  In  fact,  only  the  first  method  expresses  the  exact 
conservation  of  relevant  properties  because  of  the 
recovering  of  the  physical  domain  by  all  control 
volumes. 

Because  of  the  presence  of  strong  gradients  in  the 
plasma  flow,  the  finite  volume  method  is  more  suitable 
Under  the  assumptions  of  stationary  processes,  single 
ionised  argon  plasma  and  non  local  thermodynamic 
equilibrium,  the  plasma  can  be  describes  by  the 
conservation  equations  of  mass,  electrons,  momentum, 
heavy  species  and  electrons  energies,  and  current 
density: 

^pv-aK  =  0  (1) 

S 

=  jii^dV  (2) 

s  r 

j{pv®v  +  pl -x^  dS -0  (3) 

S 

f  -T  v^ydS  =  \ q,  dV  (4) 

S  V 

f  (p . V,//,  -  A:,  VT;  - f  •  V,, ) •  =  J  q^,  dV  (5) 

S  V 

^jdS  =  0  (6) 

s 

where:  p ,  py,.  Pe  are  the  gas,  heavy  species  and  electron 
mass  densities  respectively,  rig  is  the  number  of 
electrons,  v  ,v^,v^  are  the  velocities  of  fluid,  heavy 
species  and  electrons  respectively,  Ty,,  Tg  are  the  heavy 
species  and  the  electrons  temperatures,  p  the  pressure,  1 
the  unity  matrix,  Hy^,  Hg  are  the  heavy  species  and  the 
electron  enthalpies,  j  is  the  current  density,  the 
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ambipolar  diffusion  coefficient,  and  kg  are  heavy 
species  and  electron  thermal  conductivities,  the 
electron  source  term.  The  forces  tensor  t  has 
components: 


where  /v  is  the  viscosity. 

The  heavy  species  heat  source  q/,  includes  the 
collisional  energy  exchange  term  and  the  electron  heat 
source  qg  includes  the  ohmic  heating,  the  radiative  and 
collisional  losses  of  energy  (which  means  that  a 
chemical  model  as  been  establishes). 


3.  Discretization  scheme 


The  accuracy  of  the  calculation  depends  on  the 
discretization  scheme.  In  a  two  dimensional  problem, 
the  value  in  one  cell  has  to  be  linked  to  the  values  in 
surrounding  cells.  More  the  number  of  surrounding  cell 
is  important,  higher  is  the  order  of  accuracy  of  the 
scheme.  High  order  schemes  allow  to  avoid  some 
numerical  problems  as  false  diffusion  and  then,  to 
employ  a  coarser  grid.  It  is  also  proved  that 
discretization  schemes  do  not  give  the  same  results  in 
the  presence  of  strong  gradients.  Some  of  them  are 
better  in  this  kind  of  situation. 

For  modelling  the  thruster,  an  accurate  scheme  giving  a 
good  description  of  the  fast  variations  of  the  physical 
quantities  is  therefore  necessary.  The  T.V.D.  (Total 
Variation  Dimishing)  of  Yee-Harten  has  been  choose. 
It  is  of  second  order  of  accuracy,  can  fit  shocks  without 
oscillations  of  the  solution  and  an  entropy  condition 
avoid  non  physical  solutions  [7].  After  discretization, 
the  set  of  algebraic  equations  can  be  written  under  a 
pentadiagonal  matrix  form.  Using  a  100x100  grid,  a 
10000x10000  matrix  containing  approximately  50000 
non  zero  elements  is  obtained.  Then,  the  matricial 
system  has  to  be  solve  employing  a  numerical 
algorithm. 

4.  Solver  algorithm 

The  matricial  system  obtained  after  the  discretization  is 
solved.  The  convergence  of  the  calculation  depends  on 
the  solver  algorithm.  The  direct  methods  could  not  be 
employed  because  of  the  non  linearity  of  the  problem. 
The  iterative  methods  like  Jacobi’s  or  Gauss-Seidel’s 
are  too  much  time  expensive  in  these  problems.  In  this 
case,  two  methods  are  well  appropriated:  the 
Alternating  Direction  Iteration  (ADI)  and  the  Strongly 
Implicit  Procedure  (SIP)  [8], 

To  solve  the  pentadiagonal  matrix  obtained,  the  ADI 
method  is  used  [9],  Because  solving  directly  a 
pentadiagnonal  matrix  is  too  expensive,  the  ADI 
method  consist  in  factoring  the  matrix  in  such  a  way 
that,  finally,  a  tridiagonal  matrix  has  to  be  solve. 


5.  Conclusion 

The  plasma  flow  in  an  arc  jet  thruster  has  been 
modelling  by  a  finite  volmne  method,  using  the 
conservative  integral  form  of  the  conservation 
equations.  The  discretization  scheme  and  the  solver 
algorithm  are  discussed  and  Yee-Harten  discretization 
sheme  and  ADI  solver  have  been  chose. 

The  results  for  the  velocities,  pressure,  temperamre  and 
densities  will  be  presented  for  thermal  equilibrium  and 
chemical  non  equilibrium  case. 
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l.Introduction 

Capacitively  coupled  RF  discharges  are  receiving 
increasing  attention  due  to  their  wide  application  in 
microelectronics,  engineering  industry,  plasma  chemical 
reactions,  medicine  and  other  areas.  Usually  in 
capacitive  RF  discharges  on  an  alternating  current  the 
power  is  coupled  to  the  plasma  through  parallel  plate 
electrodes.  However,  this  wide-spread  configuration  is 
not  always  convenient.  In  this  contribution  the 
capacitively  coupled  RF  discharge  configuration  where 
one  of  the  electrodes  is  the  case  of  the  metallic  chamber 
is  considered.  Such  type  of  the  discharge  was  used  in 
our  experiments  on  high  biological  cleansing  of 
materials  and  instruments  from  microorganisms. 

To  estimate  theoretically  the  parameters  of  the  discharge 
plasma  the  self-consistent  mathematical  model  based  on 
drift-diffusion  approximation  is  developed.  The 
parameters  of  the  discharge  are  investigated 
experimentally  and  theoretically  for  high  frequency  case 
when  the  frequency  of  RF  source  cOf^  is  much  greater 
than  the  ion  plasma  frequency  .  The  numerical  and 

experimental  results  are  shown  to  be  in  a  good 
agreement. 

2.Theory 

The  schematic  plot  of  gas  discharge  chamber  is  given  in 
Fig.l.  The  plasma  assumed  to  have  no  spatial  gradients 
in  y  and  r  directions.  The  model  of  the  capacitive  RF 
discharge  used  in  the  present  contributions  is  based  on 
continuum  equations  of  change. 

The  basic  assumptions  are  the  following  ones  [1-3]. 
Electron  and  ion  motion  is  assumed  to  be  collisionally 
dominated  so  that  electron  and  ion  momentum  balance 
equations  reduce  to  expressions  incorporating  drift  and 
diffusion.  Electrons  are  assumed  to  have  Maxwell- 
Boltzmann  distribution.  Electrons,  positive  and  negative 
ions  are  the  charged  species  in  a  gas  which  is  nominally 
air. 

Thus  the  model  is  based  on  the  self-consistent  solution 
of  the  electron  and  ion  continuity  and  momentum 
transfer  equations  and  the  equation  of  the  balance  of 
electron  thermal  energy.  These  are  coupled  with 
Poisson’s  equation  for  a  given  potential  waveform 
between  electrodes. 


Electron  and  ion  kinetic  coefficients  were  taken  from 
[4,5].  The  equations  were  numerically  solved  by 
Sharfetter  -  Gummel  method  [6,7].  The  calculations 
have  been  done  for  different  RF  frequencies,  voltage, 
electron  temperature  for  helium  and  air.  The  calculated 
results  were  compared  with  experimental  ones. 

3.  Experiment 

The  experimental  setup  included  the  following  systems: 
gas  discharge  chamber,  vacuum  systems, 
electrotechnical  unit,  RF  generator,  control  and 
measuring  units. 

Gas  discharge  chamber  of  volume  2  /  was  made  from 
stainless  steel  and  served  as  an  electrode.  The  second 
electrode  was  located  in  the  central  section  of  the 
chamber  (Fig.l).  As  an  energy  source  RF  generator 
operated  at  frequency  of  13.56  and  27.12  MHz 
with  output  power  100  W  was  used. 

To  measure  the  electromagnetic  fields  intensity  in  the 
surrounding  space  selective  and  panoramic  noise 
analyzers  with  sensitivity  up  to  1  were  used. 

By  the  spectroscopic  and  probe  measurements  the 
spatial  distributions  of  electron  temperature  ,density 

,  pressure  p,  potential  F,- integral  intensity  of 
optical  radiation  and  other  parameters  were  determined. 
Probe  measurements  were  earned  out  across  and  along 
the  chamber.  Some  experimental  results  of 
measurements  are  presented  in  Table  1 . 

4. Di$cussion 

Through  measured  values  of  discharge  current,  voltage 
and  phase  shift  between  them  the  discharge  impedance 
was  calculated.  From  the  results  of  measurements  one 
can  conclude  that  with  the  increase  in  pressure  the  active 
and  capacitive  resistances  drop,  i.e.  the  discharge 
impedance  diminishes  in  magnitudes. 

In  our  conditions  the  increase  in  applied  power  usually 
led  to  the  rise  of  discharge  impedance  while  the  voltage 
was  maintained  at  a  steady  level.  That  is  typical  for  glow 
discharge.  The  discharge  impedance  depends  strongly 
as  well  .  on  the  generator  frequency,  residual  pressure, 
form  of  electrodes  and  their  relative  location  and  on  a 
number  of  other  factors. 
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The  vibrational  temperature  of  nitrogen  molecules  in  the 
main  state  was  determined  by  measuring  the  relative 
intensities  of  electron-vibrational  bands.  It  follows  from 
the  experimental  results  that  gas  temperature  is  about 
450-500  K  whereas  the  oscillating  temperature  is  about 
4500-500  K.  It  is  also  necessary  to  note  that  the  glow 
intensity  is  maximal  in  electrode  sheaths. 

The  comparison  of  experimental  results  and  those 
calculated  numerically  using  the  model  developed 
allows  to  draw  a  conclusion  about  their  good  agreement. 
For  example,  in  Fig.2  the  spatial  variation  of  potential  is 
shown.  The  solid  line  presents  the  results  calculated 
numerically  and  circles  -  the  measured  values.  One  can 
see  rather  close  coincidence  of  theoretical  and 
experimental.  This  is  also  confirmed  by  the  Table  1 
where  measured  and  calculated  electron  density  and 
temperature  are  presented.  The  given  values  are 
relevant  to  the  point 

located  in  1  mm  distance  from  the  electrode.  The  indices 
«1»  -«3»  correspond  to  three  different  values  of  gas 
pressure  p  =  0.01,  0.1  and  1  Torr,  respectively. 

Thus  the  general  features  of  capacitively  coupled  RF 
discharges,  for  instance,  the  existence  of  the  space 
charge  sheaths,  are  well  appeared  in  our  study.  The 
space  charge  sheaths  in  front  of  the  electrodes  lead  to  a 
DC  bias  voltage  between  the  bulk  plasma  and  these 
electrodes.  Ions  are  accelerated  out  of  the  bulk  towards 
the  electrodes  during  the  whole  RF  cycle  due  to  this  bias 
voltage.  The  continuos  flux  of  energetic  ions 
perpendicular  to  the  electrodes  and  materials  located  on 
their  surfaces  leads  to  the  heating  of  materials.  That  was 
necessary  in  our  experiments  for  cleansing  of  tools. 
Furthermore,  in  such  discharges  it  is  possible  to  sustain 
discharge  between  electrodes  with  isolated  material  and 
instruments  located  on  them. 
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[eV] 

6.5 

6.09 

Te,  [eV] 

4.7 

4.51 

Te,  [eV] 

3.2 

2.85 

%  [cm’’] 

0.5-10'° 

0.37-10'° 

[cm’’] 

2.23-10'° 

1.99  10'° 

[cm’’] 

2.2-10'° 

4.2-10'°  . 

Table  1  Comparison  of  experimental  and  numerical 
values  of  electron  temperature  and  density  for 
different  gas  pressures  (  p  =  0.01,  0.1  and  1  Torr). 
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Fig.l  Schematic  plot  of  gas  discharge  chamber 


Fig.2'  Calculated  (solid  line)  and  measured  (circles) 
potential  variation  between  electrodes  for  air  discharge. 
Here  /  =  13.56  MHz,  =  328  V,  /7  =0.1  Torr. 
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1.  Introduction 

Theoretical  models  of  UHF  discharges  sustained  by 
travelling  electromagnetic  waves  consist  of  two  parts — 
kinetic  and  electrodynamic.  The  first  one  points  out 
plasma  parameters  and  the  second  part  focuses  on  the 
wave  behaviour.  It  is  the  purpose  of  the  present  work  to 
obtain  the  electron  energy  distribution  function  (EEDF) 
in  an  axially  inhomogeneous  UHF  argon  plasma  column 
sustained  by  an  electromagnetic  wave  of  frequency  (o/27t 
=  2.45  GHz.  The  plasma  column  together  with  the 
dielectric  discharge  tube  and  a  metallic  enclosure  is  an 
integral  part  of  the  waveguiding  structure.  The  length  of 
the  plasma  column  is  usually  much  larger  than  its 
diameter.  The  whole  system  extends  axially  and,  under 
travelling  wave  conditions  it  is  axially  nonuniform  since 
the  plasma  density  decreases  away  from  the  launcher. 
The  calculations  are  applied  to  study  the  axial  structure 
of  plasma  eolumn  with  a  radius  R  =  0.45  cm,  contained 
in  a  dielectric  tube  of  thickness  o' =  0.15  cm  and  permit¬ 
tivity  Cj  =  4.8  surrounded  by  vacuum  and  a  metal  en¬ 
closure  of  radius  =2.0  cm  at  gas  pressure  of  1.8  Torr 
and  gas  temperature  7,,=  300  K  [I]. 

2.  Basic  relations 

The  basic  relations  for  the  kinetic  part  are:  (i)  the 
Boltzmann  equation,  (ii)  particle  balance  equations,  (iii) 
electron  energy  balance  equation;  and  for  the  electro¬ 
dynamic  part:  (iv)  a  local  wave  dispersion  relation  and 
(v)  the  wave  energy  balance  equation. 

The  EEDF  has  been  calculated  from  the  homogeneous 
electron  Boltzmann  equation  by  using  the  two  terms 
Legendre  polynomial  expansion.  This  equation  includes 
by  appropriate  collision  integrals  the  action  of  elastic 
and  several  inelastic  electron-atom  collisions,  electron- 
electron  and  electron-ion  collisions  and  the  impact  of  a 
UHF  electric  field  [2,3] 

Etff  =  ■ 

^■\/vm(u)  +  co’ 

where  Vm  is  electron-neutral  collision  frequency  for 
momentum  transfer  and  Eq  is  the  root-mean-squared 
field.  A  model  of  two  blocks  of  effective  excited  levels 
for  argon  (Ar  3s  with  ei  =  1 1 .548  eV  and  Ar  4p  with  Ei 
=  12.907  eV)  has  been  used  taking  into  account  follow¬ 


ing  elementary  plasma  processes;  electron-electron  and 
electron-ion  collisions,  excitation  from  the  ground  state, 
step-wise  excitation  and  deexcitation,  direct  and  step¬ 
wise  ionization,  imprisonment  of  the  radiation,  ambi- 
polar  diffusion  and  dissociative  recombination. 

The  EEDF  must  satisfy  the  particle  balance  equations 
for  electrons,  excited  atoms,  atomic  and  molecular  ions 
as  well  as  the  electron  energy  balance  equation.  From 
this  set  of  equations  it  is  possible  to  derive  all  plasma 
characteristics  (mean  electron  energy,  effective  electron 
-neutral  collision  frequency  for  momentum  transfer  v„, 
mean  power  G  required  for  sustaining  an  electron-ion 
pair  in  the  discharge,  and  the  densities  of  excited  atoms 
considered,  atomic  and  molecular  ions)  as  functions  of 
the  electron  density.  From  the  local  wave  dispersion 
relation,  the  dependence  of  the  electron  density  on  the 
wave  number  (the  so  called  phase  diagram)  can  be 
obtained.  The  wave  energy  flux  carried  by  the  wave  is 
dissipated  by  the  electrons  and  is  expended  for  elastic 
and  inelastic  collisions,  diffusion  and  recombination. 
The  wave  energy  balance  equation  with  the  values  of  0 
and  v^,.,  calculated  from  the  kinetic  equations,  yields  the 
axial  distribution  of  the  local  electron  number  density. 
Using  this  connection  between  kinetics  and  electro¬ 
dynamics  it  is  possible  to  obtain  the  axial  distribution  of 
the  EEDF  as  well  as  all  plasma  and  wave  characteristics 
selfconsistently,  namely  the  wave  number,  wave  power 
and  all  wave  field  components,  the  population  of  the 
excited  atoms,  atomic  and  molecular  ions  etc. 

3.  Results  and  discussion 

Figure  1  shows  the  corresponding  axial  variation  of  the 
isotropic  distribution  as  a  function  of  the  electron  kinetic 
energy.  The  end  of  the  plasma  column  is  denoted  by  z  = 
0.  As  can  be  seen,  the  EEDF  remarkably  differs  from 
the  Maxwellian  one,  but  near  the  exciter,  where  the 
electron  density  is  high,  the  EEDF  tends  to  Maxwellian. 

In  our  former  studies  [4]  the  mean  power  0  required  for 
sustaining  an  electron-ion  pair  in  the  discharge  has  been 
calculated,  using  the  Maxwellian  EEDF.  Moreover,  in 
[5]  the  relation  between  the  electron  density  and  the 
wave  power  per  unit  column  length  absorbed  by  the 
electrons  Q  has  been  postulated  to  be  in  the  form 
Q  with  an  appropriate  constant  p  and  to  be 

independent  on  the  axial  position.  In  fact  this  postulated 
relation  of  the  electrodynamic  code  replaces  the  all 
kinetic  part  of  the  model.  Such  an  approach  is 
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applicable  only  in  limited  ranges  of  gas  pressures. 
Using  the  model  briefly  presented  above  this  limitation 
is  avoided  and  the  longitudinal  dependence  of  both  0(2) 
and  Q(:)  =  7t/?‘/ie(=)0(z)  can  be  correctly  described. 


Fig.  1 .  Axial  distribution  of  EEDF  at  p  =  1 .8  Torr 

The  results  for  the  EEDF  (normalized  with  respect  to 
unity)  presented  below  illustrate  the  ability  of  the 
numerical  code  to  operate  at  different  discharge  condit¬ 
ions.  The  isotropic  distribution  as  a  function  of  the 
kinetic  energy,  shown  in  Fig.  2,  sensitively  depend  on 
the  electron  density.  Similar  results  have  been  obtained 
in  [6],  where  the  effects  of  the  electron-electron 
collisions  has  been  investigated.  As  can  be  expected  at 
high  electron  density  the  distribution  function  is 
Maxwellian. 


Fig.  2.  EEDF  at  p  =  1.8  Torr  at  different  electron 
densities 

The  results  presented  in  Fig.  3  have  been  obtained  for  an 
electron  density  fig  =  lO'^  cm"^  at  different  gas  pressures. 
The  low  energy  part  of  the  isotropic  distribution  is  not 
sensitive  when  the  gas  pressure  changes,  while  the  high 
energy  part  (above  the  first  excitation  potential)  remar¬ 
kably  changes  with  the  gas  pressure  variation.  Namely 
the  high  energy  part  plays  an  important  role  in  the 
calculation  of  the  rate  constants  for  all  inelastic 
processes.  Taking  into  account  that  the  threshold  energy 


for  direct  ionization  is-  f5;755  eV  one  can  see  from  Fig. 
3  that  the  role  of  this  process  is  negligible  small  at 
higher  pressures.  This  yields  a  strongly  nonlinear 
dependence  0(/Je)  (comparing  the  calculated  one  with  a 
Maxwellian  electron  energy  distribution  function  [4]) 
because  of  the  increasing  of  the  relative  contribution  of 
the  step-wise  processes  at  higher  pressures. 


sures. 
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Non-equilibrium  microwave  plasma  generated 
by  a  powerful  microwave  drive,  due  to  its  advantages 
over  common  discharges  (such  as  high  plasma 
production  efficiency  remote  discharge  ignition  and 
so  on),  is  an  attractive  medium  for  various  plasma- 
assisted  technologies,  far  beyond  the  scope  of 
common  plasma  applications  (see,  for  example  [1]). 
Generally,  the  main  problem  is  to  create  and  to 
maintain  uniform  large-scale  plasma,  and  the  most 
suitable  way  to  generate  such  plasma  consists  of 
employing  microwave  powers  below  breakdown 
threshold,  i.e.,  form  a  so-called  non-self-maintained 
(nsm)  discharge  that  requires  some  sort  of  external 
preionization.  However,  the  time  of  uniform  plasma 
evolution  in  a  microwave  is  restricted  to  development 
of  different  thermal,  kinetic  and  ionization-field 
instabilities,  resulting  in  formation  of  an  intricate 
spatial  structure. 

All  earlier  theoretical  studies  of  microwave 
plasma  instabilities  (see  references  in  [1])  were 
relevant  to  a  plane  monochromatic  microwave  drive, 
and  the  received  increment  expression  has 
singularity  in  the  zone  of  resonant  instability  (Rl)  [2], 
which  is  a  consequence  of  the  adopted  model.  Since 
singularity  is  integrable,  transition  to  considering  a 
quasimonochromatic  microwave,  or  a  microwave 
packet  allows  to  avoid  the  above  difficulty  and  obtain 
correct  values  for  the  increment  in  Rl  region. 


Below  we  find  solution  for  the  particular  situation 
when  the  expansion  coefficient  =  £,g/((y ), 


Q;sin(Qr(6)-6;o)) 
K  aico-coo) 


f{o})  goes  over  into 


function  as  Of  —><>=.  The  main  reason  for  such 
choice  of  f{co)  is  that  this  form  is  the  most 
convenient  for  further  manipulations  and  allows  to 
derive  resulting  increment  in  explicit  form.  As  for  the 
applicability  of  a  final  expression  to  different  more 
realistic  situations  we  believe  that  all  results  will 
remain  intact  since  maximum  increment  is 
determined  by  increment  behavior  near  already 
mentioned  singularity  and  therefore  the  particular 
adopted  form  ior  f  (q))  can  not  seriously  affect  final 
expression. 

We  consider  plasma  layer  with  the 
concentration,  that  is  smaller  than  the  critical  one,  as 
being  warmed  by  a  plane  quasimonochromatic 
microwave  and  study  linear  evolution  of  arbitrary 
plasma  perturbations.  For  times,  smaller  than  the 
time  of  overheating  processes,  the  system, 
governing  plasma  evolution,  includes  the  following 
equations: 

1  .Equation  for  plasma  density  n  : 

dn  . . 

-^  =  Da^  +  {v'  -  v°)n  +  Y, 


1. Ionization-field  instability 

According  to  the  above  reasoning  we 
represent  the  unperturbed  microwave  as 

Eq z-iCOt)  +  c.c., 

Eco  =  {E^^,iEy^,0). 

Utilized  quasimonochromatic  approxi-mation 
means  that  the  expansion  coefficients 

are  essentially  nontrivial  only  in  the  vicinity  lAry  I  of 
some  given  frequency  ry  q  so  that  the  integral  field 

can  be  roughly  treated  as  plane  monochro-  mafic 
wave  that  propagates  in  z  direction 

Eq  '=  j  Eq  exp(zfco'2  -  i  6>oO  +  o.c. 


where  v‘ ,  y“  are  the  frequencies  of  ionization  and 
accommodation,  assuming  that  v‘ =  v' (IE^,I), 
where  E^  is  the  instant  amplitude  of  the 

quasimonochro-matic  microwave.  The  term  Y 
models  the  action  of  a  external  source  of  ionization. 
2.Equation  for  the  electric  field  E '  in  general 

form: 


A£-VV£’-4r 

C" 


dr 


4;r  d  f 
c-  ’ 


r=-enV,\ 

3. Equation  for  electrons  movement  describing 
vast  electrons  oscillations  in  the  microwave  drive  in 
the  form: 


V  y  ’ 

e  € 


XXni  ICPIG  (  Toulouse,  France  )  17  -  22  July  1997 


V-43 


(Other  notifications  are  generally  accepted  [1 ,2].) 

The  problem  is  considered  with  an  initial 
plasma  perturbation  of  arbitrary  form:  t  =  0, 

n  =  nQ+SnQ,  where  iTq  is  the  uniform  plasma 
background  (for  non-self-maintained  discharges 
V  “  >  V ' ) ,  (5«o  is  the  initial  plasma  perturbation. 

Accomplishing  original  problem  linearization  in 
respect  to  stationary  background  f  =  fo  +  df , 

f  =  n,E\Vg'  and  resolving  the  linearized  system 
with  the  use  of  Laplace  transformation  in  t  and  r 
one  can  easily  receive  for  the  case  of  high-pressure 
MD  {col  Vg  «  1)  the  following  solution: 


Sn{r,t)  = 


(  1 

^  exp(;?r-f  7,„r),wher 


cr—ioo 


Y-n={v‘  -v‘‘)  +  DaP‘-  +  2Xp'aQv‘, 

dLn  V ' 

*^0  "  dLn\E\’ 


Z  =  -t  —  cr, 

COo 


1 


X-'=B-  . 

p  CO+COr 


iPicoo)- 


-e\}p{-ia  {co'+coq)) P  {co')), 

P  {(o)  =  \-¥  rA  I  (o~£q,  +eypy, 

e,  =  Efo  I  EqEo,  i  =  x,y, 
c 


B  = 


,  0)’= 


0 

p-c 


lip.^eo''  2ip.. 
where  5  riQp  is  the  Laplace  transform  for  the  initial 
plasma  perturbation.  Strictly  speaking  the  above 
expression  for  increment  7m  holds  when 


Im(co')  <0:  in  the  opposite  case  7m  has  similar 
form. 

There  are  several  items  of  interest: 

-unlike  the  increment  in  monochromatic  microwave 
(see,  for  example  [2])  the  obtained  increment  has  no 
singularity; 

-the  maximum  increment  for  a  definite  volume 
plasma  belongs  to  Rl  domain  (fy +(yo  =  0)  and 

explicitly  depends  on  microwave  parameter 
IAry|=l/a,  for  example  in  circular-polarized 


microwave;  pWlcQ,  \ p\=  2coq  I  c- 


Ym 


CO 


(OqV^ 


oV‘{acOo) 


where  Q)p  is  the  plasma  frequency:  in  real  situations 
OTo  =  10,  aO)Q  =  10-5-100,  and  therefore  it  is 
possible  that  7,„  »  v  ' ; 

-the  increment  form  suggests  simple  way  to 
suppress  the  discussed  instability  by  utilizing  a 
microwave  with  the  broad  band  to  decrease  acO[). 

The  same  result  probably  will  be  achieved  if  to  use 
periodic  pulsed  drive.  Note  that  the  development  of 
instability  establishes  in  the  high-pressure  plasma 
intricate  pattern  with  spatial  spacing  =  c  /  AcOq,  so  if 

this  structure  appears  due  to  this  instability  (the 
difference  in  spacing  can  be  easily  explained  by 
known  doubling  scale  phenomenon  in  the  nonlinear 
stage),  the  proposed  method  can  be  utilized  to 
stabilize  plasma  in  microwave  plasma-assisted 
technologies. 
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Abstract 

The  elearon  energy  distribution  function 
(EEDF)  in  the  positive  column  region  of  a 
DC-magnetron  sputtering  device  were 
measured.  The  distribution  was  found  to  be 
Maxwellian  in  the  pressure  range  of 0.5-6 
torr  for  Ar  and  He  gases.  Electrons  were 
have  a  chance  to  thermalize  themself  due  to 
the  long  plasma  life  time  in  this  re^on. 
Electron  density  and  temperature  were  also 
determined  using  different  techniques. 

Introduction 

Positive  column  is  the  best 
underwood  region  of  the  DC-glow  discharge, 
However,  recent  published  investigations 
were  devoted  toward  describing  the 
mechanism  of  the  positive  column  on  the 
basis  of  a  consequent  kinetic  treatment  of  the 
electron  components  (Dietrich  et  al.  1993 
[1];  Touder,  1995  [2];  Kaneda,  1990  [3]). 
Thus,  further  investigation  of  the  EEDF  is  of 
great  interest  (Kimura  et  al.  1995  [4]  & 
Behnke  1992  [5]).  Further  more, 

experimental  measurements  of  the 
distribution  function  ,inparticulary  in  DC- 
magnetron,  received  little  attention  in  the 
literature’s.  In  1996,  Elakshar  et  al.  [6] 
studied  the  EEDF  in  the  cathode  fall¬ 
negative  glow  regions  of  the  magnetron. 
They  concluded  that  the  distribution  function 
deviates  from  being  Maxwellian  as  a  result 
of  the  short  plasma  life  time  in  these  regions. 

The  purpose  of  the  present  work  is 
to  investigate  the  EEDF  in  the  positive 
column  region  of  DC- magnetron  sputtering 
device  using  Ar  &  He  gases. 

Experimental  Setup 

The  DC-  magnetron  device  consists 
of  two  electrodes,  copper  anode  and 
aluminum  cathode  each  of  5  cm  diameter 
and  separated  by  about  3-6  cm  distance 
apart.  A  permanent  magnet  was  placed  under 
the  cathode  to  confine  the  ^  discharge  in 
the  space  between  the  two  electrodes.  The 
device  was  operated  by  400-700  V  at  current 
density  of  abom  10-12  A/m^.  A  large 
vacuum  vessel  were  located  at  the  center  of 
the  vessel.  The  vessel  was  evacuated  to  10"^ 


torr  using  rotary  and  difriision  pumps.  The 
EEDF  was  determined  by  measuring  the 
electron  current  second  derivative  using 
Langmuir  single  probe.  The  probe  was 
placed  in  the  positive  column  region  and  can 
be  moved  either  radially  or  axially. 

Results  and  Discussion 

Figures  (1)  [a].[b]  show  the  EEDF 
in  the  positive  column  region  for  both  Ar  & 

He  glow  discharges.  Maxwellian  distribution 
functions  are  obtained  which  compared  with 
the  theoretical  one  at  the  same  energy, 
having  a  ten^ratures  of  4.6-7  eV  Si.  5. 8-8.8 
eV  ,  respectively.  Figures  (2)  [a],'  thow  a 
more  sensitive  test  for  the  presence  of 
Maxwellian  distribution  i.e.  by  plotting  the  ' 
semi-log  curves  of  the  second  derivative  of 
the  electron  current  against  the  probe 
voltage,  a  straight  lines  are  obtained.  These 
straight  lines  prove  that  there  was  only  one 
group  of  electrons  in  the  positive  column 
region,  unlike  the  two  poups  of  electrons 
found  in  the  cathode  fall  region  (Elakshar  et 
al.,  1996  [6]). 

The  electrons  would  have  a  chance 
to  redistribute  their  energy  and  thermalize 
themself  in  a  Maxwellian  distribution 
fimetion.  The  self  collision  time  tj,  is  given 

by  (Spitzer,  1967  (7]) 

(3kTJ^/V[17.94N,  e"  Z*  InL 

The  plasma  life  time,  in  the  positive  column 
region,  is  about  an  order  of  magnitude  longer 
than  t^  within  the  used  pressure  range  in 
both  Ar  &  He  discharges. 

Electron  density  Ng  was  estimated 
integrating  the  EEDF  in  Fig.  (1) 

N,  =  /  F  (E)  dE  .  Values  of  Ng  were 

0 

also  compared  with  those  estimated  using 
different  methods  e.g  double  probe, 
Langmuir  single  probe  and  log-log  method. 
Figure  (3)  shows  values  of  Ng  by  different 
methods  for  both  gases  as  a  function  of  the 
gas  pressures. 
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The  estimated  values  of  Tg ,  using 
Figs.  (1)  &  (2)  ,  were  compared  with  those 
determined  by  spectroscopic  (line/line 
intensity  ratio)  technique  (Fig.  4).  For  He  gas 
,  lines  5016  &  3389  A®  were  used  instead  of 
the  lines  5048  &  4713  A® .  Line  3389  A®  is 
among  the  very  few  lines  for  which  the 
influence  of  secondary  processes  can  be 
computed  using  reliable  cross-section  values. 
The  intensity  of  the  5016  A®  line  is 
influenced  only  by  less  than  10  %  of  the 
secondary  processes.  Unfortunatly  this  is 
generally  difficult  to  do  for  most  levels  and 
for  other  gases  due  to  lack  of  atomic  data. 
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1.  Introduction 

Electron  resonance  cones  can  be  used  to  diagnose  the 
plasma  density  and  electron  temperature  [1],  The  main 
vantage  of  a  diagnostic  based  on  resonance  cones  is  that 
it  gives  a  local  and  direct  measurement  of  plasma 
parameters,  with  respect  to  the  usual  langmuir 
diagnostic.  The  aim  of  this  work  is  to  compare  the  two 
diagnostic  methods  and  to  show  the  feasibility  of  the 
resonance  cones  technique. 

2.  Purpose  and  results 

Resonance  cones  in  a  magnetized  plasma  can  be  excited 
by  an  oscillating  point  source.  Following  the  theory,  the 
©t  cone  half-angle,  i.e.  the  surface  where  the  wave 
potential  becomes  singular,  depends  on  the  principal 
plasma  parameters,  like  electron  density  and 
temperature.  In  the  cold  collisionless  plasma 
approximation,  the  angle  is  given  by  the  following 
formula: 

sin-0,.=(f-pe+fvf-yf-p,.fT , 

where  f  ,  fpe  and  ft  are  respectively  the  exciting,  the 
electron  plasma  and  the  electron  cyclotron  frequencies. 
Exciting  the  cone  at  a  given  frequency  f,  and  for  a  fixed 
magnetic  field  value  B  (and  consequently  1^),  from  the 
experimental  value  of  0^  it  is  possible  to  estimate  fp^  and 
so  to  obtain  the  value  of  the  electron  plasma  density  n^. 
The  introduction  of  thermal  effects  makes  the  theory 
more  complex  and  induces  both  the  apparition  in  the 
wave  signal  profile  of  a  set  of  secondary  peaks  near  the 
main  one,  both  the  shift  of  the  cone  angle.  The  angular 
distance  between  two  consecutive  secondary  peaks  is 
also  related  to  the  electron  temperature.  Consequently 
from  the  recorded  wave  signal,  the  plasma  density  and 
the  electron  temperature  can  be  calculated.  The 
experimental  set  up  for  resonance  cones  consists  in  a 
double  probe  with  two  pins,  one  of  which  is  the  emitter 
(fig.l),  fed  by  a  signal  generator,  and  the  other  is  the 
receiver.  To  avoid  a  phenomenon  of  reciprocal  shadow 
inside  the  plasma,  the  pins  of  the  probe  have  been 
positioned  perpendicularly  with  respect  to  the  magnetic 
field  lines.  A  radial  movement  of  the  probe  permits  the 
estimation  of  the  plasma  density  in  different  radial 
positions. 


point  source 


Fig.  1  Resonance  cones  system  configuration 

In  order  to  compare  the  density  measurements  based  on 
resonance  cones  with  those  obtained  through  a 
Langmuir  probe,  a  pin  of  the  double  probe  has  been  also 
used  to  collect  the  Langmuir  characteristics. 

The  experiment  is  performed  in  the  toroidal 
magnetoplasma  Thorello;  typical  working  parameters 
are  the  follows;  PxlO'*  mbar,  toroidal  magnetic  field 

B=1  kG,  Te=l  eV,  TisO.S  eV,  edge  plasma  densityslO^ 

-3  ,  .  ,„ii  -  -3 

cm  ,  centre  plasma  densitys  10  cm  . 

The  electron  temperature  effects  are  negligible  for 

0c=9O°;  so  it  is  possible  to  work  without  such  effects 

arranging  the  detection  system  in  order  to  detect  only 

resonance  cones  with  0^=90°.  Having  fixed  pins,  the 

measurement  of  the  electron  plasma  frequency  is  carried 

out  sweeping  the  signal  frequency,  individuando  the 

signal  maximum  amplitude  which  corresponds  to  the 

electron  plasma  frequency. 

By  repeating  measurements  at  different  radial  positions, 
a  density  radial  profile  can  be  obtained. 

Fig.2  shows  a  comparison  between  a  density  profiles 
obtained  through  the  langmuir  method  with  that  got  by 
the  resonance  cone  angle.  It  can  be  seen  that  the  density 
profile  relevant  to  the  resonance  cone  method  (cone- 
dens),  agrees  with  that  obtained  with  the  langmuir 
method  based  on  the  analysis  of  the  electron  saturation 
current  (e-dens-lang). 

It  is  known  in  fact  that  the  Langmuir  probe  method  gives 
two  different  plasma  density  values  when  it  is 
considered,  as  reference  current,  the  ion  saturation 
current  F  or  the  electron  one  f  . 

In  particular  it  can  be  seen  that  density  values  got  from 
F,  are  generally  greater  than  those  obtained  from  T. 
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The  difference  between  the  He  evaluated  through  T”  and 
r  current  can  be  due  to  the  high  dependence  of 
Langmuir  method  on  the  sheath  area  As  that  collects  the 
current  and  to  the  presence  of  the  magnetic  field. 

The  presence  of  plasma  in  fact  induces,  around  the 
probe,  the  formation  of  a  sheath  which  thickness  and 
dimensions  are  proportional  to  the  potential  difference 
applied  to  the  probe. 


Fig.2  Density  profiles 

So  for  calculating  the  density,  instead  of  considering  the 
probe  geometrical  area  Ap,  it  should  be  considered  the 
effective  area  As  that  collects  the  charges. 

Observing  that  As  >Ap,  it  is  clear  that  the  n*  value 
obtained  evaluating  the  effective  area  can  give  lower 
density  values.  The  main  difficulty  is  just  the  estimate  of 
the  sheath  dimension.  Consequently  the  n^  value  can 
overestimated  if  obtained  from  T. 

As  concerns  electron  saturation  current,  even  if  there  are 
no  problems  for  the  sheath,  we  must  consider  the  effects 
due  to  the  magnetic  field  that  can  modify  the  ne  value. 
Magnetic  field  intensity  can  be  in  fact  a  limitation  to  the 
Langmuir  method  for  two  mainly  reasons:  the  reduction 
of  the  electron  saturation  current  and  the  geometry  of 
the  probe  with  respect  to  the  magnetic  field  line  slope. 
The  magnetic  field  of  Thorello  is  so  that  for  reading  the 
Langmuir  characteristic  neither  the  model  in  absence  of 
field  nor  that  one  for  high  fields  are  applicable,  being 
for  our  case  Pe«d  and  pi  «d  (Pe,i  are  the  electron  and 
ion  larmor  radius  and  d  is  the  diameter  of  the  probe). 
Indeed  an  accurate  analysis  performed  by  Piel  [2]  shows 
that,  increasing  B,  the  density  got  through  the  cylindrical 
probe,  increases  becoming  more  and  more  different 
from  that  one  obtained  from  the  plane  probe,  which 
value  remains  almost  constant. 

The  effect  of  the  magnetic  field  is  not  only  correlated  to 
the  probe  geometry  but  also  to  the  orientation  of  the 


probe  surface  with  respect  to  the  same  magnetic  field 
directions.  For  these  mainly  reasons  it  is  important  to 
consider  methods  which  are  not  affected  by  complicated 
phenomena.  The  advantage  of  the  density  measurement 
through  the  resonance  cones  is  so  evident: 
measurements  based  on  resonance  cones  do  not  depend 
on  the  system  geometry,  i.e.  the  characteristics  of  the 
launching  system  or  the  surface  area  of  the  detecting 
system  and  on  the  magnetic  field  intensity.  Indeed  it 
permits,  in  a  more  direct  way,  a  'local"  measurement  of 
the  density. 

As  concerns  our  measurements  it  is  easy  to  realize  that 
near  the  chamber  edge,  where  the  density  gradient  is 
high,  it  is  not  possible  that  the  plasma  density  is  of  the 
order  of  lO'®  cm"’,  as  shown  in  the  graphic  relevant  to  F. 
So  that  in  our  plasma  the  density  measured  by  the 
electron  saturation  current  seems  to  be  more  corrected 
than  that  given  by  the  ion  saturation  current. 

The  main  limit  of  applicability  of  the  density  diagnostic 
based  on  resonance  cones  is  represented  by  the  presence 
of  high  density  fluctuations.  It  can  be  noticed  that  while 
the  Langmuir  method,  using  electron  saturation  current, 
can  be  applied  again  in  plasmas  with  not  negligible 
density  fluctuations  (an  average  value  of  the  T  current 
can  be  taken,  for  the  resonance  cones  the  diagnostic  is 
no  more  applicable  because  the  density  fluctuations 
destroy  the  cone  shape  inducing  a  global  broadening  of 
the  signal,  not  permitting  a  precise  localisation  of  the 
mean  resonance  peak . 

S.Conclusions 

The  based  diagnostic  on  electron  resonance  cones 
permits  a  local  and  direct  measurement  of  the  plasma 
density^  With  respect  to  the  usual  langmuir  diagnostic 
the  resonance  cones  method  used  for  the  evaluation  of 
the  plasma  density  is  not  affected  b^^  the  effective  probe 
area,  the  probe  geometry  and  on  magnetic  field  effects. 
The  only  obstacle  to  this  method  is  presented  by  high 
density  fluctuations  which  can  destroy  the  resonance 
cone  envelope  making  impossible  the  determination  of 
the  maximum  peak. 
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1.  Introduction 

Stark  widths  dependencies  on  the  upper  level  ionization 
potential  within  spectral  lines  originating  from  ns-np  off- 
resonance  transition  (n=no+l,  where  no  is  the  main 
quantum  number  of  ground  energy  level  of  a 
corresponding  emitter)  of  several  doubly,  triply, 
quadruply  and  quintuply  charged  ions  [1-4]  have  been 
found  and  discussed.  After  being  well  established  using 
existing  theoretical  calculations  the  dependencies  have 
been  used  to  predict  additional  Stark  broadening  data 
for  triply  charged  ion  off-resonance’s  of  the  following 
elements;  Ca,  Ti,  Ga,  Ge,  As,  Kr,  Zr,  Nb,  Mo,  In,  Sn. 
Sb.  Te,  and  Bi;  and  quadruply  charged  ion  off- 
resonances  of  the  following  elements:  Ge,  Nb,  Mo,  Sn, 
Sb  and  Bi. 

The  procedure  for  Stark  broadening  data  predictions 
was  described  elsewhere  [5-7],  A  comprehensive  set  of 
Stark  broadening  data  [1-4]  of  the  investigated  ion 
ofT-resonance  spectral  lines  has  been  used  here  to 
demonstrate  the  existence  of  Stark  widths  data 
regularities  within  this  group  of  spectral  lines.  Namely, 
Stark  parameters  dependencies  on  the  upper  level 
ionization  potential  of  the  investigated  lines  originating 
from  ns-np  off-resonance  transition  arrays  of  the 
following  doubly  (Ar.  Al,  Si,  P,  S  and  Cl);  triply  (C, 
N.  O.  Ne.  Mg,  and  Si);  quadruply  (C,  F,  O,  Ne,  Al  and 
Si);  quintuply  (F,  N.  Ne,  Na,  Si  and  P)  charged  ions 
have  been  found  and  discussed. 

Different  kinds  of  regularities  within  Stark  parameters  of 
the  given  spectra  can  be  explained  on  the  bases  of  their 
dependence  on  the  upper  level  ionization  potential  [5-7], 
A  general  form  of  that  dependence  in  the  case  of  the 
particular  transition  array  along  the  Periodical  table  of 
the  elements  is 

w  =  /  (T)  :  az’  (I) 

where  tr  is  the  line  width  in  angular  frequency  units:  x 
i.s  the  corresponding  upper  level  ionization  potential 
expressed  in  eV;  r  is  the  rest  core  charge  of  the  emitter 
seeing  by  the  electron  undergoing  transition. 
Coefficients  a,  h  and  c  are  independent  of  the 
temperature,  ionization  potential,  and  the  electron 
density  for  a  particular  transition. 


2.  Results  and  discussion 

It  has  been  verified  that  the  Eq.(l)  is  appropriate  for  all 
the  investigated  ns-np  transitions  in  the  above  mentioned 
group  of  the  ions  at  different  temperatures  and  electron 
densities.  Namely,  it  was  found  that  the  best  fit  can  be 
obtained  if  /  (7)  is  approximately  taken  as  T  '' '' 
instead  7”^^  [10], 

As  an  example,  the  reduced  Stark  width 

H’*  =  wyfr  z*  =0%'^ ,  (2) 


as  the  function  of  the  inverse  value  of  the  upper  level 
ionization  potential  %  of  the  corresponding  transition  is 
given  in  Fig.  1 . 


By  a  comparison  of  the  above  described  regularities  and 
those  presented  elsewhere  [8]  (Figures  1  -  7)  one  can 
conclude  that  the  method  used  here  differs  in  the 
choice  of  the  variable  conveying  atomic  structure 
information.  Prior  work  (see  Ref  [6]  and  Refs,  therein) 
was  based  on  the  hydrogenic  model.  Consequently,  it 
used  integer  principal  quantum  numbers  instead  of  the 
upper  level  ionization  potential.  Although  both 
parameters  take  into  account  the  density  of  states 
perturbing  the  emitting  state,  the  advantages  of  the 
present  method  are:  (i)  %  based  trend  analyses  achieve 
better  fits;  (ii)  in  %  values  the  lowering  of  the  ionization 
potential  [9]  is  taken  into  account,  predicting  merging 
with  continuum  when  the  plasma  environment  causes  a 
line's  upper  state  ionization  potential  to  approach  zero; 
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and  (iii)  the  a>  dependence  on  z  >s  theoretically 
expected  [5-7], 

Using  the  existing  Stark  parameters  data  for  the 
investigated  lines  originating  from  different  ions  the 
corresponding  coefficient  a,b  and  c  from  Eq.  (1)  are 
found  as  a  =  4.30x1 0'\  b  =  2.60  and  c  =  4.18.  The 
corresponding  correlation's  factors  were  almost  equal  to 
unity.  Therefore,  the  Eq.  (2)  can  be  used  to  calculate 
Stark  widths  of  the  triply  and  quadruply  charged  ion 
off-resonance’s  of  different  elements  along  the  Periodic 
table  of  the  elements  not  calculate  so  far  taking  T  and  x 
in  K  and  eV,  respectively.  The  results  obtained  by  the 
above  described  procedure  several  triply  and  quadruply 
charged  ions  are  given  in  Table  l.All  data  are 
normalized  at  an  electron  density  Ne  =  lxl0”m'^  for 
different  temperatures. 


Table  1.  Stark  full  half  widths  (no+l)s  -  (no+l)p  off- 
resonance’s  of  several  triply  and  quadruply-charged 
ions  for  an  electron  density  Ne  ~  lx  10^^  at  different 
electron  temperatures 

Temperature  in  10^  K 
Emitter  }l[A]  0.5  1  2  4  8 

CalV  2858.2  0.0265  0.0223  0.0187  0.0157  0.0132 

Ti  IV  2103.7  0.0402  0.0338  0.0284  0.0239  0.0201 

GalV  1338.1  0.0079  0.0067  0.0056  0.0047  0.0039 

GelV  3677.8  0.3886  0.3268  0.2748  0.2311  0.1943 

As  IV  3216.9  0.2449  0.2059  0.1732  0.1465  0.1225 

KrIV  2609.5  0.1179  0.0992  0.0834  0.0701  0.0589 

Zr  IV  2287.3  0.0685  0.0576  0.0485  0.0407  0.0343 

NblV  2182.0  0.0456  0.0384  0.0323  0.0271  0.0228 

MoIV  2061.0  0.0241  0.0203  0.0171  0.0143  0.0121 

In  IV  1810.2  0.0227  0.0191  0.0161  0.0135  0.0114 

SnIV  1437.5  0.0124  0.0105  0.0088  0.0074  0.0062 

SblV  3736.3  0.4126  0.3469  0.2917  0.2453  0.2063 

TelV  3586.3  0.3485  0.2931  0.2465  0.2073  0.1743 

BilV  3684.7  0.3977  0.3344  0.2812  0.2365  0.1988 

GeV  1116.8  0.0051  0.0429  0.0036  0.0030  0.0026 
NbV  1877.3  0.0464  0.0390  0.0328  0.0276  0.0232 

MoV  1748.8  0.0209  0.0176  0.0148  0.0125  0.0105 

SnV  1302.1  0.0145  0.0122  0.0102  0.0086  0.0072 

SbV  1226.0  0.0091  0.0076  0.0064  0.0054  0.0045 

BiV  2682.0  0.2784  0.2341  0.1968  0.1655  0.1392 


3.  Conclusion 

Stark  parameters  dependence  on  the  upper  level 
ionization  potential,  after  being  well  established  within 
particular  ns-np  off-resonance  transition  array  can  be 
used  for  prediction  of  the  parameters  for  the 
corresponding  ion  off-resonance  of  heavier  elements 
where  not  available  so  far.  The  electron-impact  widths 
predicted  by  intratransition  arrays  regressions  analyses 
are  of  the  same  accuracy  as  the  accuracy  of  the  results 


used  in  the  course  of  the  calculation  of  coefficients  a,  b 
and  c  from  Eq.(l)  in  order  to  generate  widths  for 
heavier  elements  ion  off-resonance’s.  This  method  is 
computationally  simple,  involving  each  line'  s  upper 
level  ionization  potential  and  one  multiplicative  and  one 
exponential  fitting  parameter  per  the  investigated  group 
of  spectral  lines  originating  from  ns-np  off-resonance 
transition  arrays  for  the  given  emitter  temperatures  and 
electron  densities.  Such  method  is  conductive  to  the 
method' s  incorporation  into  mathematical  simulations  of 
stellar  atmosphere  opacities. 
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1.  Introduction. 

The  electric  parameters  of  pulse  and  pulse-periodic 
electric-discharge  lasers  depend  greatly  on  the  method 
used  for  discharge  formation  in  the  laser  active  volume. 
In  this  process  uniformity  and  stability  of  a  discharge 
are  conditioned  not  only  by  the  parameters  of  an 
exciting  electric  signal  but  also  by  the  configuration  of 
an  electrode  system  in  a  discharge  chamber,  which  is 
very  important  when  discharge  formation  takes  place  in 
active  mixtures  with  electronegative  components,  such 
as  SF^,  and  also  in  small  discharge  gaps. 

Nonuniformity  not  only  affects  the  laser 
energy  obtained  with  one-shot  initiation,  but  also  limits 
the  extreme  repetition  rate  of  the  output  pulses,  which 
caused  some  decrease  in  the  average  power  of  pulsed- 
periodic  lasers.  For  example,  the  pulse-periodic  HF(DF) 
laser  described  in  [1]  utilised  the  discharge  formed  in 
such  an  electrode  system  where  the  cathode  was  a 
collection  of  pins,  separated  electrically  by  resistors, 
and  the  anode  was  a  plate  with  the  special  profile.  The 
discharge  was  formed  steady  enough  (  without  spark 
channels)  in  this  configuration.  But  its  appreciable 
nonuniformity  led  to  the  lower  laser  electric  efficiency 
as  compared  with  the  case  of  flat  electrodes  with  the 
special  profiles. 

Experimental  results  performed  in  the  present  report 
reveal  the  further  progress  of  our  investigation  [2]  and 
are  indicative  about  peculiarities  of  discharge  formation 
using  a  blade-shaped  electrodes  in  an  active  medium  of 
a  HF(DF)  laser.  The  influence  of  some  modifications  in 
the  electrode  system  on  uniformity  and  stability,  and 
consequently  on  energy  of  lasing,  is  described  for  one- 
shot  initiation. 

2.  Apparatus 

The  installation,  which  was  used  in  our  study.  w2is 
implemented  around  an  electric-discharge  laser  with 
UV  preionization  of  a  working  mixture. 

The  electrodes  producing  the  main  and  preionizing 
discharges  were  mounted  into  a  discharge  chamber, 
which  windows  were  made  of  CaF,.  The  external 
resonator  consisted  of  the  mirrors  with  corresponding 
reflectivity  of  r|=0.96  and  r2=0.5  at  the  working 
wavelength.  It  could  be  adjusted  parallel  to  the  windows 
of  the  discharge  chamber.  The  high-voltage  source 
supplying  the  discharge  was  a  voltage-doubling  Fitch 
generator,  the  total  capacity  of  which  was  C  =  8.9  nF; 


the  duration  of  the  initiating  signal  did  not  exceed  f  =  50 
nsec. 

The  main  discharge  was  excited  by  the  260  mm  along 
and  18  mm  wide  Stappaerts  electrodes  made  of 
aluminium.  The  distance  between  the  electrodes  was 
unchangeable  and  equal  to  d  =  8  mm,  but  the  electrodes 
could  be  replaced  following  the  conditions  of  our 
experiment.  The  electrodes  used  for  preionization 
discharge  were  tungsten  wires  with  a  1  mm  diameter 
and  were  placed  on  either  side  of  the  anode  at  the 
distance  about  2  mm.  Separating  resistors  were  used  to 
connect  these  electrodes  with  the  main  cathode.  The 
spark  channels  appeared  while  the  resistors  were  being 
charged  by  the  Fitch  generator  output  provided  the  UV 
preionization. 

When  the  investigations  of  the  flat  electrodes  with  the 
special  profile  were  finished,  the  cathode  was  replaced 
with  the  electrode  which  was  a  collection  of  blades.  The 
longitudinal  profile  of  each  blade  repeated  the  cross 
section  of  the  flat  electrode.  The  blades  were  parallel 
each  other  and  perpendicular  to  the  resonator  axis.  The 
width  of  each  blade  was  A  «  0.3  mm.-  They  were  placed 
with  the  step  a  »  1  mm.  Their  tops  were  flat  areas 
with  the  width  about  0.2  mm  and  their  edges  were 
rounded  with  the  radius  of  curvature  r  =  30. ..50  um. 
The  height  of  the  blades  measured  up  to  the  flat  part  of 
the  tops  was  H  =  3  mm. 

3.  Experimental  results 

In  our  investigations  the  discharge  was  formed  in  the 
active  mixture  of  the  SFs+D,  =  6:1  composition. 

The  discharge  glow  was  recorded  both  over  the  end 
face  of  the  discharge  chamber  and  over  the  lateral  side 
of  the  active  volume  of  the  laser.  We  have  changed  the 
pressure  of  the  working  mixture  at  the  fixed  charging 
voltages  of  the  Fitch  generator. 

At  the  same  time  the  laser  energy  was  measured  as  well 
as  the  laser  beam  cross-section,  which  sizes  repeated 
practically  the  sizes  of  the  discharge  glow. 

Attention  was  paid  to  the  fact  that  the  discharge  was 
formed  with  the  peculiarities  characteristic  for  each 
configuration  of  the  electrodes. 

So,  for  the  flat  electrodes  with  the  special  profile,  the 
discharge  glow  was  diffusive  and  bright  near  the  anode, 
and  it  became  weaker  at  the  distances  of  0,5. ..1,0  mm 
from  the  cathode.  The  width  of  the  laser  beam  increased 
gradually  from  about  7  mm  near  the  cathode  to  about  9 
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mm  near  the  anode;  the  height  was  about  7  mm. 

For  the  blade-shaped  cathode  and  flat  anode,  the 
discharge  starting  on  the  cathode  blades  was  formed  as 
bright  streams,  which  converged  into  the  diffusive 
discharge  at  the  distance  of  from  two  to  three  steps 
between  blades.  Meanwhile,  the  integrated  discharge 
glow  observed  over  the  end  face  of  the  chamber  was 
uniform  as  well  as  the  laser  beam  cross-section,  the 
width  being  about  10  mm  and  the  height  about  8  mm. 
When  both  of  the  electrodes  mounted  in  the  chamber 
were  blade-shaped,  the  flat  discharge  streams  also 
appeared  near  the  anode,  but  they  were  weaker  than 
near  the  cathode.  The  diffusive  discharge  occupied  still 
smaller  area  of  the  discharge  gap,  though  the  lasing 
was  uniform  along  the  whole  discharge  height,  and  the 
width  of  the  laser  beam  increased  up  to  about  12  mm. 

At  the  same  time  the  dependencies  of  the  laser  energy 
on  the  pressure  of  the  working  mixture  were  obtained 
for  the  several  fixed  charging  voltages  of  the  Fitch 
generator. 

Fig.l  a)  represents  the  sizes  of  the  laser  beam  cross- 
section,  and  Fig.l  b)  shows  the  dependencies  of  the 
laser  energy  obtained  for  the  various  combinations  of 
the  electrodes  in  the  discharge  chamber. 

The  dependencies  shown  in  Fig.l  b)  indicate  that  the 
laser  energy  increased  by  about  30%  and  the  pressure  of 
the  working  mixture,  which  was  optimum  for  lasing, 
increased  by  20%  when  the  flat  electrodes  with  the 
special  profile  were  replaced  with  the  two  blade¬ 
shaped.  In  this  way  the  range  of  the  pressure  of  the 
working  mixture  for  which  the  formation  of  the  spark 
channels  didn’t  yet  take  place  was  broadened  from 
=  0.14-;-0.22  atm  to  P„,i,  =  0.  l-;-0.26  atm,  which  proved  a 
significant  improvement  of  the  discharge  uniformity. 
Measurements  of  the  discharge  voltage  and  current 
indicated  that  the  obtained  increase  in  efficiency  of 
lasing  was  due  to  the  more  effective  consumption  of  the 
energy  stored  in  the  capacitors  of  the  Fitch  generator. 
This  phenomena  can  be  accounted  for  strengthening  of 
the  electric  field  near  the  sharp  edges  of  the  blade¬ 
shaped  electrodes.  According  to  the  paper  [3]  the 
electric  field  must  be  approximately  five  times  greater 
than  in  the  case  of  flat  electrodes.  In  this  process 
enhanced  electron  emission  ensures  some  decrease  of 
the  maintaining  voltage  of  a  volumetric  discharge, 
hence,  the  unused  energy  stored  in  the  capacitors  of  the 
generator  becomes  smaller. 

So.  the  carried  out  experimental  investigations  have 
proved  that  the  use  of  blade-shaped  electrodes  with 
special  surface  profiling  is  equivalent  to  some  increase 
in  the  voltage  feeding  a  discharge,  which  makes  it 
possible  to  increase  the  efficiency  of  a  chemical  laser. 
Here,  discharge  burning  becomes  more  stable  without 
any  deterioration  in  its  uniformity. 

It  is  necessary  to  note  that  discharge  broadening 


provided  the  more  complete  utilisation  of  the  electrode 
area,  and  an  improvement  in  the  useful  surface  of  an 
electrode  is  of  particular  interest  in  the  case  of  pulse- 
periodic  electric-discharge  lasers. 

mm 
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Fig.l  a)  The  laser  beam  cross-sections 
(Proii  =  0-2  atm  );  b)  Dependencies  of  the  laser 
energy  (E|)  on  the  mixture  pressure  (P„i, ) 
for  the  different  combinations  of  the  electrodes 

SF6:D,  =  6;  I;Ueharg  =  20  kV; 

1  -  two  flat  electrodes, 

2  -  flat  anode  and  blade-shaped  cathode. 

3  -  two  blade-shaped  electrodes. 
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1.  Introduction 

Microwave  excited  discharges  are  today 
finding  increasing  applications  in  the  industrial  plasma 
processing  technologies.  Mostly  a  dielectric  window 
made  of  quartz  glass  or  ceramic  materials  is  used  to 
couple  the  microwave  energy  into  the  discharge  volume. 
Simultaneously  it  separates  the  outer  atmosphere  from 
the  low  pressure  discharge  chamber.  It  is  commonly 
observed,  as  the  microwave  power  is  increased,  the 
discharge  tends  to  drift  in  direction  of  the  source  until  a 
hot  layer  of  plasma  finally  is  built  up  at  the  coupling 
window.  This  is  called  window-burning  effect.  The  hot 
plasma  layer  prevents  the  further  coupling  of  the 
microwave  energy  to  the  inside  of  the  discharge.  The 
processing  plasma  may  additionally  be  deteriorated  by 
the  sputtered  window  materials.  Due  to  the  high 
temperature  it  could  even  lead  to  the  destruction  of  the 
window.  Plasma-wall  (plasma-window)  interactions  thus 
are  of  great  practical  interest. 

In  the  following  we  present  a  plasma  source 


Fig  1  Distribution  of  electric  field  strength  in  the 
cylindrical  cavity  (only  a  quarter  section  is  drawn) 

excited  by  a  pulsed  microwave  discharge.  By  a  variation 
of  the  pulse  length  and  pulse  repetition  rate  we  are  able 
to  adjust  a  controllable  window-burning  state. 
Diagnostic  investigations  can  then  be  made  under 
reproducible  conditions. 

2.  Experimental  setup 

As  is  shown  in  Fig.  1,  the  discharge  chamber 
consists  of  a  cylindrical  microwave  resonant  cavity  of  9 
cm  in  dia.  and  10.2  cm  in  length.  At  the  one  end  there  is 
the  coupling  window  made  of  quartz  glass,  at  the  other 
end  a  slider  short-circuits  the  microwave.  Four  lateral 
windows  are  fixed  for  diagnostic  purposes.  The 
microwave  pulses  generated  by  a  magnetron  of  the  type 
YJ-1600  capable  of  producing  up  to  6  kW  power  are 
coupled  through  the  quartz  window  into  the  discharge 
chamber.  Using  a  homemade  switched  power  supply, 
the  pulse  duration  can  be  changed  from  cw  to  50  ps  and 


Fig  2  Plasma  state  as  function  of  pulse  width  tp. 


the  repetition  frequency  from  DC  up  to  10  kHz.  Fig.  1 
displays  also  the  electric  field  distribution  as  calculated 
using  the  MAFIA  codes.  A  standing  wave  is  developed 
in  the  cavity.  The  discharge  ignites  in  the  center  of  the 
vessel  where  the  maximum  of  the  electric  field  is 
established.  As  shown  in  Fig.  2,  the  shape  and  position 
of  the  discharge  can  be  easily  controlled  by  changing  the 
parameters  of  the  microwave  pulses  like  the  peak  power, 
duration  and  repetition  frequency.  Under  extreme 
conditions  the  hot  plasma  is  produced  immediately  at 
the  coupling  window. 

3.  N}  discharge 

For  microwave  discharges  in  non  reactive  N2 
the  double  probe  configuration  -  is  a  suitable  and 
convenient  method  to  measure  the  electron  densities,  for 
it  has  no  need  for  a  well-defined  ground  electrode  in  the 
plasma.  Fig.  3  shows  the  spatial  distribution  of  the 
electron  density  in  an  N2  discharge.  The  values  are 
averaged  over  the  time.  The  maximum  appears  in  the 
center,  where  the  electric  field  distribution  also  has  its 
maximum. 


V 


z-PosItion  (mm) 

Fig  3  Axial  distribution  of  electron  densities  (time 
averaged)  from  probe  measurements  for  tp=0.1ms,  only 
the  values  for  z>0  are  plotted. 
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Fig  4  Axial  distribution  of  electron  density  (taken  at 
the  pulse  maxima)  from  HCN-Laser-interferometer 
data  for  tp=0.2ms 

Fig.  4  shows  electron  density  measured  by 
using  an  HCN-FIR-interferometer.  The  change  in  phase 
shift  across  a  region  with  and  without  a  plasma  is 
measured.  This  in  turn  can  be  related  to  the  change  in 
the  index  of  refraction  and  hence  to  the  electron  density. 
The  values  shown  are  taken  at  the  peak  of  the 
microwave  pulses.  With  the  increased  input  of  the  pulses 
compared  to  the  case  of  probe  measurements,  the 
discharge  now  has  moved  to  the  coupling  window. 
Consequently,  we  measured  a  higher  electron  density 
approaching  the  cut-off  density  in  the  region  near  the 
coupling  window. 

4.  Ar-CF4  discharge 

Plasma  etching  is  a  key  process  for  removing 
material  from  surfaces.  One  of  the  most  important 
application  of  plasma  etching  is  the  removal  of  patterned 
silicon  or  polysilicon  films..  Halogen  atoms  (F,  Cl,  Br) 
are  almost  always  used  for  this  purpose.  CF4  is  the  most 
commonly  used  feedstock  gas  among  others.  We  filled 
our  device  with  a  gas  mixture  of  Ar/CF4=l/9.  F  atoms 
are  known  to  etch  Si02,  although  the  pure  chemical  etch 
rate  is  small  compared  to  that  in  etching  silicon.  The 
main  reactions  are  as  follows 

F  +  Si02  ->  SiF4 
F  +  Si02  ->  Si2F6  +  SisFj 

The  density  of  the  F  atoms  has  been  measured  by  means 
of  the  optical  actinometry.  The  pair  of  the  commonly 


Fig  5  Axial  distribution  of  F-density 


used  spectral  lines  at  703.7  nm  for  F  and  750.4  nm  for 
Ar  have  been  chosen.  The  drop  of  the  F-  density  due  to 
the  etching  of  the  Si02  coupling  window  has  been 
observed.  Etching  rate  can  be  derived  and  is  found  to  be 
good  in  consistent  with  that  given  in  [I].  Fig.  5  shows 
the  spatial  distribution  of  the  F  atoms  in  the  discharge 
chamber.  A  decreasing  gradient  of  the  density  np 
towards  the  window  can  be  seen,  while  np  remains 
constant  in  radial  direction. 


5.  Theoretical  modelling  of  the  gas  breakdown 

For  our  case  the  cascade-induced  ionization 
mechanism  is  accepted  to  lead  to  breakdown.  The 
governing  equations  describing  the  physical  picture  of 
the  problem  are  [2]: 

_v.  (1) 

<3?  _  (2) 

^  m^co^  +  y/) 

These  equations  are  coupled  ,  moreover  they  should  be 
considered  simultaneously  with  the  Boltzmann  equation, 
whose  solution  is  the  time-  dependent  electron  energy 
distribution  function.  At  breakdown  the  electrons  gain 
energy  equal  to  the  ionisation  frequency  For  a 
square  pulse  of  duration  tp  Eq.(l)  is  integrated  to  give 
the  electron  density.  With  n,.  one  can  estimate  the 
average  F-atom  number  density  [1],  which  is  of  interest 
for  the  process  of  the  plasmas  etching.  Following  [1]: 


drip 


where  is  the  rate  coefficient  taking  into  account 
both  attachment  and  dissociation  processes  in  the 
discharge  plasma..  Some  results  obtained  for  Ar/CF4  gas 
mixture  and  input  parameters  are  presented  in  the  table 
below.  These  predicted  values  are  in  a  good  agreement 
with  the  experimental  results. 


(E/N)'=9.610-''’V.cm' 

D/A^=1.4610’s'‘ 

Ki„„=6.55  10'"cmVs 

rt/«r9=2.1910® 

Kan  =6.43  10"”cmVs 

«,.=2.55  10”  cm'’ 

Ken=11810''W/s 

/7ao=45  cm'’ 

6.  Conclusions 

A  pulsed  microwave  discharge  of  cylindrical 
geometry  has  been  developed  and  experimentally 
investigated.  The  plasma  properties  can  be  easily 
controlled  by  changing  the  pulse  parameters.  It  is 
especially  convenient  for  studies  of  the  plasma-wall 
interactions  with  the  coupling  window.  Various 
diagnostic  methods  like  Langmuir  probe,  interferometry, 
optical  spectroscopy  and  actinometry  have  been  carried 
out  on  discharges  of  N2  or  Ar/CF4.  A  quantitative 
description  of  the  etching  procedure  is  given. 
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1.  Introduction 

DC  glow  discharges  are  attractive  tools  for  the 
plasma-assisted  treatment  of  large  surface  areas. 
The  set-up  is  simple  and  large  processing  systems 
Ccui  be  built  at  comperatively  moderate  cost.  DC 
glow  discharges  in  hydrocarbon  and  other  reactive 
gases  (diborane,  silane,  . . . )  have  been  used  success¬ 
fully  for  the  deposition  of  surface  coatings.  They  are 
widely  used  for  the  wall  conditioning  of  fusion  de¬ 
vices  [1,2]  were  the  glow  discharge  has  some  hollow 
cathode  character  due  to  the  torus-shaped  vacuum 
vessel,  which  is  used  as  a  cathode.  In  this  study  we 
investigate  the  formation  of  large  molecules  (neu¬ 
tral  radicals,  cationic  and  anionic  species)  and  ag¬ 
glomerates  in  a  low  pressure  hollow-cathode  glow 
discharge  by  plasma-ion  mass  spectroscopy. 

2.  Experimental  Arrangement 

The  apparatus  consists  of  an  UHV  vacuum  chamber 
of  cylindrical  shape  (0.6  m  diameter,  0.6  m  height). 
It  contains  a  ‘liner”  of  SS  sheet  metal  of  the  same 
geometry  which  is  electrically  isolated  from  the  ves¬ 
sel.  It  is  kept  at  ground  potential  in  these  studies  (as 
is  the  vacuum  vessel).  A  coil  shaped  anode  (8  mm 
SS  tube,  6  windings,  12  cm  total  length)  protrudes 
up  to  the  vessel  center.  It  can  be  used  for  coupling 
of  RF  power,  which  has  not  been  utilized  in  this 
study,  however.  The  system  is  equipped  with  a  tur- 
bomolecular  pump  via  a  variable  conductance  and  a 
mass  flow  controlled  gas  injection  system.  Key  di¬ 
agnostics  for  this  study  is  a  BALZERS  plasmamoni- 
tor  (PM)  for  energy  and  mass  dispersive  plasma-ion 
mass  spectroscopy.  The  PM  can  be  biased  with  re¬ 
spect  to  the  ground  potential.  It  is  localized  at  a 
equatorial  position  of  the  vessel  as  are  a  retarding 
field  analyzer  (RFA)  and  Langmuir  probes.  The  flux 
determination  and  the  mass  and  energy  transmission 


Figure  1:  Anions,  cations  and  neutrals  from  a  pulsed 
glow  discharge  in  Methane  (pressure  p  =  0.57  Pa, 
flow  rate  F  =  42.5  seem,  current  density  j  = 
lO/iAcm”^,  modulation  frequency  40  Hz). 

of  the  PM  have  been  calibrated  utilizing  measure¬ 
ments  with  the  RFA  in  inert  gas  dischau’ges  [3] . 

3.  Results  and  Discussion 

Similar  to  earlier  investigations  [3]  the  formation  of 
cations  up  to  about  150  amu  is  observed  in  Methane 
plasmas,  see  fig.  1.  The  data  in  fig.  1  are  presented 
with  low  resolution  to  facilitate  the  identification  of 
different  Cn -groups.  The  cations  are  sampled  during 
the  discharge  amd  are  accelerated  from  their  produc¬ 
tion  region  in  the  negative  glow  through  the  sheath 
potential  into  the  extraction  hood  of  the  PM.  At 
pressures  below  1  Pa  they  are  essentially  monoen- 
ergetic  with  an  energy  corresponding  to  that  of  the 
cathode  fall  potential  (measured  by  probes).  The 
intensity  distribution  of  the  C3,  C4,  . . . ,  Cn  groups 
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Figure  2:  Highest  m2iss  numbers  of  cations  observed 
in  dc  glow  discharges  in  CH4-C2H4  mixtures  as  a 
function  of  the  molar  CH4  fraction  in  the  working 
gas. 

shows  a  logarithmic  decay  with  increasing  mass,  in¬ 
dicating  a  successive  ion-molecule  reaction  path  of 
the  type  +  CH4  Cr+iHi'*’^  -I-  n  H2.  A  sim¬ 

ilar  decay  rate  is  found  for  the  neutrals,  which  are  a 
factor  of  about  8  less  abundant  than  the  cations. 

For  the  measurement  of  the  anionic  species,  the  dis¬ 
charge  was  operated  in  a  pulsed  mode,  modulated  at 
acoustic  frequencies.  The  hood  of  the  PM  was  biased 
positively  (a  few  V)  during  the  afterglow  to  extract 
the  negative  ions.  As  can  be  seen  from  fig.  1,  anions 
are  observed  up  to  about  400  amu.  Beyond  120  amu 
their  decay  rate  is  much  slower  than  at  lower  masses 
where  it  is  similar  to  that  of  cations  and  neutrals. 
This  points  to  a  different  reaction  path  for  high  meiss 
anions. 

Time  dependent  measurements  of  selected  anions  as 
a  function  of  the  “plasma  on  time”  and  the  fact  that 
much  higher  masses  Eire  found  than  for  cations  and 
neutrals  points  to  the  fact  that  anions  are  not  only 
formed  during  the  2ifterglow  but  also  in  the  negative 
glow  region  during  the  regular  plasma  discharge. 

The  importance  of  the  CHj -ion  for  starting  and  pro¬ 
moting  the  cation  formation  becomes  evident  from 
an  experiment  in  which  CH4-C2H4  mixtures  were 
investigated.  Plotted  in  fig.  2  is  the  largest  observed 
mass  number  as  a  function  of  the  methane  fraction 
in  the  working  gas. 

A  small  (10%-20%)  addition  of  methane  to  the 
ethene  working  gas  promotes  the  formation  of  large 
molecules  and  clusters,  for  the  same  external  con¬ 
ditions.  At  large  CH4  fractions  the  maximum  size 
of  the  molecules  decreases  again.  We  tentatively  ex¬ 
plain  this  behaviour  via  the  formation  of  significant 
fractions  of  saturated  hydrocarbon  ions  from  CH4, 
promoting  the  polymerization  with  the  unsaturated 


background  g^ls.  At  high  concentrations  of  CH4  the 
increased  reactivity  of  the  double  bond  in  Ethene 
may  become  rate  determining. 

Model  calculations  solving  the  rate  equations  with 
available  and  extrapolated  rate  constants  for  ion- 
molecule  reactions  and  electron  attachment  reactions 
are  in  progress. 
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1.  Introduction 

End  point  detection  is  one  of  key  technolo¬ 
gies  in  ULSI  etching  process,  and  convention¬ 
ally  it  has  been  done  by  optical  emission  spec¬ 
troscopy.  However,  some  severe  problems 
have  still  remained,  such  as  low  reproducibility 
of  emission  line  intensity  and  degradation  of 
optical  path  of  measurement  system.  Recently  a 
new  technique  for  end  point  detection  has  been 
reported  [1,2],  and  thereby  the  sheath  oscillat¬ 
ing  current  is  employed  to  know  the  electron 
density  in  plasma.  The  method  is  quite  advanta¬ 
geous  in  that  the  measure  is  directly  related  to 
the  sheath  width  of  the  RF  electrode,  but  at 
present  it  is  only  applicable  in  low  plasma  den¬ 
sity  region. 

In  this  work,  a  new  method  was  studied  by 
superimposing  a  pulse  voltage  to  the  bias.  The 
behavior  of  the  sheath  oscillating  current  was 
experimentally  and  theoretically  investigated. 
It  was  possible  to  excite  the  oscillation  by  su¬ 
perimposing  the  pulse  voltage  even  in  high 
density  plasma  region.  Specifically,  the  dis¬ 
placement  current  in  sheath  was  measured  by 
superimposing  a  pulse  voltage  to  the  sheath 
bias,  and  the  behavior  of  current  oscillation  af¬ 
ter  the  pulse  voltage  applied  was  studied  in  de¬ 
tail.  At  the  same  time,  the  displacement  current 
was  numerically  calculated  using  the  sheath 
equations. 

2.  Experimental 

In  Fig.  1,  the  experimental  apparatus  is 
shown;  the  plasma  source  is  a  typical  one  of 
ICP  (inductively  coupled  plasma),  and  the  etch¬ 
ing  stage  placed  at  10  cm  down  from  the  ICP 
antenna  was  excited  by  a  pulse  voltage  with  20 
ns  rising  time  as  well  as  the  DC  bias  voltage. 
The  displacement  current  in  sheath  was  de¬ 
tected  by  a  commercially  available  sensor 
(HERCULES;  Adolf-Slaby-Institute)  [1],  and 
the  frequency  of  this  current  oscillation  was 


analyzed  by  a  FFT  (fast  Fourier  transforma¬ 
tion).  The  distance  between  the  sensor  and  the 
stage  was  fixed  at  5  cm  in  this  experiment.  The 
dominant  frequency  was  measured  for  Ar 
plasma  at  various  RF  power,  pressures  and  Vdc. 


Fig.l  Experimental  apparatus 


3.  Results  and  discussions 
Typical  FFT  spectrum  showed  several  peaks 
at  low  frequency  corresponding  to  the  harmon¬ 
ics  of  13MHz  of  ICP  power  source  but  no  no¬ 
table  peak  at  high  frequency  region  when  no 
pulse  voltage  is  applied  to  the  stage.  When  a 
pulse  voltage  was  applied,  however,  a  clear 
peak  appeared  at  FFT  spectrum  above  100  MHz 
frequency  region.  This  newly  appeared  peak 
can  be  ascribed  to  the  sheath  oscillating  current, 
because  the  frequency  of  the  pjeak  is  shifted  to 
higher  region  with  an  increase  in  RF  source 
power. 

In  Fig.2,  the  frequency  at  which  the  FFT 
spectrum  has  a  peak  is  plotted  for  the  RF 
source  power  in  thecondition  of  20  mTorr,  and 
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Fig.2  Frequency  vs  RF  source  power 


the  frequency  is  clearly  shifted  to  higher  region 
with  the  RF  power.  Since  the  electron  density 
increases  with  an  increase  in  RF  power,  the  fre¬ 
quency  of  the  oscillation  increases  with  the  RF 
power.  The  oscillation  of  sheath  displacement 
current  is  interpreted  as  a  serial  circuit  reso¬ 
nance  of  sheath  capacitance  and  plasma  bulk 
inductance[l,2],  and  then  the  oscillating  fre¬ 
quency  depends  on  the  plasma  frequency  and 
the  sheath  width  as  well. 

In  Fig.2,  the  calculated  result  is  also  shown 
for  comparison.  The  calculation  is  bcised  on  the 
fluid  equation[2]  with  using  the  electron  density 
and  temperature  measured  by  Langmuir  probe. 
They  are  quite  consistent  with  each  other,  stat¬ 
ing  that  the  measurement  of  sheath  oscillating 
current  is  succeeded. 

In  Fig.3,  the  variation  of  the  oscillating  fre¬ 
quency  is  also  plotted  for  the  RF  power  in  the 
condition  of  35  mTorr.  In  this  high  pressure 
condition,  a  fairly  big  discrepancy  is  seen  be¬ 
tween  the  mecisured  and  calculated;  the  calcu¬ 
lated  frequency  is  higher  than  the  measured. 
The  discrepancy  may  be  explained  as  below; 
the  1/2  power  law  proposed  by  Godyak[3]  is 
used  in  this  analysis  for  the  voltage  dependence 
of  the  sheath  width.  However,  at  such  higher 
pressure  as  35  mTorr  the  collision  effect  in  the 
sheath  may  become  important,  and  thus  the 
sheath  width  rather  obeys  the  mobility  limited 
law  than  the  1/2  power  law,  meaning  that  the 
sheath  is  actually  wider  and  the  oscillating  fre¬ 
quency  becomes  lower.  Further,  the  oscillation 
at  such  higher  pressure  involves  a  strong  dump¬ 
ing,  and  this  may  make  the  frequency  measure 


Fig.3  Frequency  vs  RF  source  power 


ment  difficult. 

In  Fig.4,  an  oscillation  of  sheath  displace¬ 
ment  current  calculated  at  35  mTorr  is  shown;  a 
strong  dumping  is  seen. 
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Fig.4  Oscillation  of  displacement  current 
at  35  mTorr. 
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1.  Introduction 

In  the  deep  submicron  ultralarge-scale- 
integrated  circuit  (ULSI)  etching  process,  nu¬ 
merous  requirements  of  the  plasma,  such  as  fine 
pattern  fabrication  with  high  aspect  ratio,  uni¬ 
formity  in  large-diameter  wafers,  high  etch  rate 
and  low  damage,  are  becoming  increasingly 
critical.  The  requirements  have  promoted  de¬ 
velopment  of  low-pressure  and  high  density 
plasma,  such  as  magnetron  and  ECR  plasmas. 
In  these  plasmas,  however,  several  crucial  prob¬ 
lems,  such  as  gate  oxide  breakdown  and  notch¬ 
ing  in  polysilicon  etching,  rise  up  in  conjunc¬ 
tion  with  employing  relatively  high  magnetic 
field. 

Recently  helicon  w'ave  plasma[l]  and  induc¬ 
tively  coupled  plasma(ICP)[2]  have  been  inten¬ 
sively  studied,  because  the  both  plasmas  only 
need  low  or  no  magnetic  field.  In  these  plasmas, 
it  was  found  that  propagation  or  spatial  distribu¬ 
tion  of  wave  fields  were  highly  correlated  to 
etching  characteristics  of  Si  and  Si02.p]  These 
were  clarified  in  investigations  of  etching  in 
various  spatial  region. [4]  Thus  it  is  important  to 
know  the  propagation  mode  of  helicon  wave 
and  to  reveal  related  plasma  characteristics. 
These  subjects  are  extremely  important  in  con¬ 
junction  with  low  damage  etchings.  However, 
little  work  has  been  reported  on  this  subject. 

In  this  work,  the  helicon  wave  propagation 
was  experimentally  studied,  and  the  related 
plasma  characteristics  are  subsequently  dis¬ 
cussed.  In  particular,  it  is  pointed  out  that  the 
wave  nearby  the  two-turn  antenna  behaves  pe¬ 
culiarly  and  this  is  responsible  for  plasma  pro¬ 
duced. 

2.  Experimental 

In  Fig.  1,  the  experimental  apparatus  is 
shown;  the  plasma  source  is  a  typical 
heliconwave  plasma  (MORI2(X))  equipped  with 


two-turn  m=0  antenna  through  100  mm  diam¬ 
eter  quartz  belljar.  The  plasma  thus 
producedwas  transported  into  the  reactor 
chamber  of  150  mm  diameter  and  the  distribu¬ 
tion  profile  of  plasma  was  adjusted  by  the  dual 
magnetic  coils. 


Fig.  I  Experimental  apparatus 

The  propagation  mode  of  heliconwave  was 
measured  by  a  pair  of  magnetic  probes  im¬ 
mersed  in  plasma;  the  one  was  fixed  as  a  refer¬ 
ence  and  another  was  axially  moved  and  the 
signal  amplitude  of  the  movable  probe  was 
plotted  for  the  distance.  The  wave  pattern  was 
thus  obtained  at  various  eonditions.  The  mea¬ 
sured  RF  field  was  BEA  and  they  are  shown  for 
the  distance  Z  with  the  origin  of  the  belljar  end. 
In  this  coordinate  system,  the  positions  of  two- 
turn  heliconwave  antenna  are  Z=-15  and  -3  cm, 
and  thus  the  axial  distance  of  the  antenna  loop 
is  12  cm. 

3.  Results  and  discussions 
Typical  wave  pattern  measured  by  the 
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magnetic  probe  is  shown  in  Fig.2  where  the  in¬ 
ner  coil  current  is  taken  as  a  parameter  with  no 
current  of  the  outer.  The  magnetic  field  by  the 
inner  coil  has  the  positive  direction  to  the  reac¬ 
tor  chamber.  At  the  coil  current  of  10  A,  the 
wave  propagation  with  a  dumping  is  clearly 
seen  from  the  antenna  region  of  Z=-15  to  -3  cm. 
As  the  coil  current  is  increased,  however,  the 
wave  propagation  is  fairly  distorted,  especially 
in  the  antenna  region;  at  the  coil  current  of  20 
and  30  A,  the  waves  are  not  clear  and  its  ampli¬ 
tude  is  rather  small  there  but  the  wave  with  the 
highest  amplitude  appears  just  downward  the 
antenna. 


Fig.2  Measured  wave  patterns 

This  states  that  the  two  antenna  loops  works  to 
generate  the  wave  at  the  current  of  10  A,  but  the 
top  antenna  does  not  work  at  the  currents  of  20 
and  30  A,  and  the  wave  is  generated  by  the  bot¬ 
tom  antenna  alone.  This  wave' behavior  possi¬ 
bly  has  a  strong  influence  to  the  plasma  charac¬ 
teristics. 

The  heliconwave  has  the  higher  phase  veloc¬ 
ity,  hence  the  longer  wavelength  at  higher  mag¬ 
netic  field. Therefore,  at  the  high  magnetic 
field  like  20  or  30  A  coil  current  as  in  Fig.2,  the 
helicon  wavelength  becomes  longer  than  the 
axial  distance  of  the  antenna,  and  then  the  dif¬ 
ferent  wave  generation  mode  appears.  In  this 
wave  generation  mode,  the  wave  field  at  the 
down  stream  is  rather  higher  than  at  the  antenna 
region.  This  makes  the  plasma  behavior  differ¬ 
ent. 

In  Fig.3,  the  wave  patterns  measured  at  an¬ 
other  condition  are  shown,  where  the  inner  coil 
current  is  fixed  with  20  A  but  with  different 
outer  coil  currents.  The  magnetic  field  by  the 
outer  coil  has  the  negative  direction,  the  wave 
propagation  mode  in  Fig.3  has  the  same  ten¬ 
dency  as  in  Fig.2. 


Fig.3  Measured  wave  patterns 

In  Fig.4,  the  helicon  wavelength  obtained 
from  the  wave  patterns  is  plotted  for  the  condi¬ 
tion  of  Fig.3.  As  the  outer  coil  current  is  in¬ 
creased,  the  wavelength  becomes  shorter  and 
eventually  shorter  than  the  axial  distance  of  the 
antenna.  This  makes  the  propagation  mode  dif¬ 
ferent 
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Fig.4  Measured  wavelength  for  the  distance 
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Generation  and  dynamics  of  plasma  flows. 
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1.  Introduction 

The  fast  Fourier  transform  (FFT)  is  widely  used 
for  investigations  of  various  oscillation  processes  in 
plasma  jets.  The  FFT  performed  on  time  series  rep¬ 
resenting  some  physical  quantity  in  the  system  yields 
a  matrix  of  complex  numbers.  The  real  and  imaginary 
parts  of  these  numbers  contain  an  information  about 
the  amplitudes  and  phase  angles  belonging  to  the  el¬ 
ementary  oscillators  into  which  the  measured  signal 
can  be  decomposed.  The  amplitudes  are  often  used 
to  show  the  frequency  spectra  of  the  signal,  while  the 
application  of  phases  resulted  from  the  FFT  has  been 
studied  much  less.  Phase  angle  relations  in  multichan¬ 
nel  records  of  the  arc  jet  optical  emission  were  used  to 
indicate  transitions  between  various  turbulence  stages 
in  the  jet  by  Hlma  and  Nenicka  [1],  Another  possible 
application  of  the  pheise  angles  relating  to  detection 
points  situated  along  the  axis  of  the  plasma  flow  is 
described  in  this  contribution  and  it  consists  in  eval¬ 
uations  of  the  gas  velocity.  The  evaluation  procedure 
was  first  mentioned  by  Hlina  et  al.  [2]  when  it  was 
applied  to  another  type  of  the  arc  jet.  Velocities  in 
plasma  jets  are  measured  by  many  methods  includ¬ 
ing  laser  Doppler  anemometry,  applications  of  Pitot 
tubes,  various  types  of  probes,  plasma  scattered  laser 
light  etc.  An  interesting  method  based  on  the  convec¬ 
tive  transport  of  luminosity  fluctuations  generated  by 
arc  root  movements  was  introduced  by  Coudert  et  al. 
[3].  The  time  delay  between  the  signals  representing 
the  light  emitted  from  two  points  situated  along  the 
plasma  flow  was  evaluated  using  numerical  techniques 
in  order  to  eliminate  the  signal  modulation  caused 
by  other  efects  than  the  arc  root  fluctuations.  The 
approach  based  on  the  FFT  and  resulting  phase  an¬ 
gle  relations  described  in  this  contribution  enables  to 
evaluate  the  velocity  respecting  the  character  of  var¬ 
ious  oscillation  processes  present  in  the  plasma  jet. 

2.  Results 

The  measurement  method  was  tested  on  a  plasma  jet 
generated  by  a  dc  plasma  torch  67  mm  long,  with  the 
nozzle  exit  diameter  8  mm  and  operated  with  argon. 
The  results  reported  here  were  acquired  at  the  arc 
current  175  A.  The  integral  light  emitted  along  the 
plasma  jet  axis  was  detected  by  an  array  of  8  photo¬ 
diodes  and  registered  by  A/D  boards.  The  measure¬ 
ments  included  the  arc  voltage  records.  The  changing 
character  of  the  frequency  spectrum  as  a  function  of 
the  gas  flow  rate  in  the  range  10  l/min-200  1/min  ac¬ 


quired  by  means  of  the  FFT  from  the  record  of  the 
plasma  optical  emission  3  mm  above  the  nozzle  exit 
is  shown  in  Fig.l. 


Fig.l.  Spectrum  of  optical  emission  3  mm  above  the 
nozzle  exit  as  a  function  of  the  gas  flow  rate. 

In  Fig.2  there  are  spectra  of  the  arc  voltage  records 
which  show  the  correspondence  with  the  optical  spec¬ 
tra  in  the  range  of  higher  gas  flow  rates  and  on  the 
contrary  the  absence  of  significant  lines  at  small  flow 
rates. 


Fig.2.  Spectrum  of  the  arc  voltage  as  a  function  of 
the  gas  flow  rate. 

When  the  FFT  of  the  12th  order  (using  4096  data 
points)  is  applied  to  the  signals  detected  by  two  of 
the  diodes  and  the  difference  of  the  phase  angles  re¬ 
lating  to  these  points  is  plotted  as  a  function  of  the 
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frequency,  the  linear  character  of  the  dependence  is 
remarkable  either  in  a  limited  part  of  the  frequency 
range  (Fig.  3  -  gas  flow  rate  10  1/min)  or  in  the  whole 
range  (Fig.4  -  gas  flow  rate  150  1/min). 


Fig.3.  Phase  difference  between  the  detection  points 
1.6  and  S.4  mm  above  the  nozzle  exit  as  a  function 
of  frequency.  Gas  flow  rate  10  l/min.  The  marks 
indicate  the  frequencies  shown  also  in  Fig.l. 

The  velocity  v  is  given  by  the  tangent  of  the  straight 
line  (drawn  in  Fig.4  and  clearly  seen  between  1  and 
7  kHz  in  Fig.3  )  approximating  this  linear  dependence 
as  u  =  2‘!rd  Af/A<p,  where  d  is  the  distance  of  the 
points,  A/  the  frequency  and  the  phase  incre¬ 
ments.  The  velocities  determined  in  this  way  for  the 
input  flow  rates  10-200  l/min  are  in  Fig. 5. 


Fig.4.  Phase  difference  between  the  detection  points 
0.8  and  2-4  mm  above  the  nozzle  exit  as  a  function 
of  frequency.  Gas  flow  rate  150  l/min.  The  marks 
indicate  the  frequencies  shown  also  in  Fig.l. 

3.  Conclusion 

The  method  used  here  for  evaluations  of  the  gas  ve¬ 
locity  in  a  plasma  jet  is  based  on  an  assumption  that 
the  oscillations  of  the  plasma  at  least  in  a  limited  fre¬ 
quency  range  are  carried  by  the  gas  flow  and  thus  the 
time  delay  (represented  here  by  the  phase  angle  dif¬ 
ference)  between  two  points  along  the  flow  may  be 


used  to  determine  the  velocity.  Fig.3  indicates  that 
the  frequency  spectrum  includes  lines  of  many  types. 
The  oscillations  with  frequencies  up  to  1  kHz  are  well 
correlated  and  show  a  zero  phase  shift  between  the 
detection  points,  while  in  the  frequency  range  over 
7  kHz  the  recorded  signal  contains  solely  the  noise  and 
the  phase  relations  become  random.  The  phase  differ¬ 
ences  related  to  significant  spectral  lines  (indicated  by 
marks  in  Fig.l)  agree  with  the  general  linear  charac¬ 
ter  of  the  plot  between  1  and  7  kHz  and  the  respective 
oscillations  may  be  therefore  considered  to  be  carried 
with  the  gas  flow.  The  low  frequency  hydrodynamic 
oscillations  at  low  flow  rates  do  not  penetrate  the  arc 
chamber  which  is  proved  by  the  arc  voltage  spectra. 
The  phase  difference  close  to  zero  was  found  for  the 
significant  lines  determining  the  character  of  the  fre¬ 
quency  spectra  at  high  flow  rates  though  they  oc¬ 
cur  in  the  frequency  range  where  the  lines  with  lower 
amplitudes  show  average  values  of  phase  shifts  corre¬ 
sponding  to  the  gas  velocity.  This  gives  evidence  for  a 
global  character  of  these  oscillations  which  also  influ¬ 
ence  significantly  the  thermal  transport  in  the  plasma 
torch,  as  it  was  shown  by  Krejcf  et  al  [4].  The  results 
show  that  possible  application  of  the  here  presented 
method  for  the  measurement  of  velocities  in  plasma 
jets  must  respect  carefully  the  character  of  oscilla¬ 
tions  in  the  plasma  jet.  Another  factor  important  for 
a  successful  application  of  the  method  is  the  distance 
of  detection  points  which  must  be  sufficient  with  re¬ 
spect  to  the  expected  gas  velocity  and  sampling  rate 
and  at  the  same  time  it  must  be  enough  small  so  that 
the  phase  relations  might  be  still  evaluated. 


Fig.5.  Velocity  in  the  plasma  jet  as  a  function  of  the 
gas  flow  rate. 
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The  interaction  of  directed  flows  of  plasma  with 
cross  magnetic  field  was  considered  by  numerical 
modelling  [1],  analytically  [2],  experimentally  [3]. 
This  problem  is  of  interest  in  application  to 
research  laboratory  plasma,  and  in  studing 
interaction  of  solar  wind  with  the  magnetosphere 
of  the  Earth.  In  the  present  work  results  of 
modelling  of  interaction  of  a  clot  of  plasma 
with  magnetic  field  are  given  for  the  ratio  of 
the  plasma  energy  density  to  the  density  of 
the  magnetic  field  energy  in  range  of  0.7  10^- 
0.7- 10-2  jjje  plasmoid  is  simulated  by  large 
particales  “macroions”  and  “macroelectrons”. 
Each  of  them  has  the  spherically  symmetric 
form.  The  potential  energy  of  electrical 
interaction  between  particles  with  numbers  i 
and  j  (Upij)  is  determined  by  the  formula: 


Upjj  =e 


Z,  Zj 


fij 


2  2 
+  Rp 


Where  rij  is  the  vector  of  distance  between 
particles,  Rp  -  radius  of  the  particle,  Zk  - 
electrical  charge  of  the  particles,  with  number  k. 
The  energy  of  magnetic  interaction  between 
particles  with  numbers  i  and  j  (Umij)  is 
determined  by  the  formula: 


UlHij 


Zi  Zj 


+  Rp 


Where  Vk  -  the  velocity  of  the  particle  with 
number  k.  The  total  energy  Ut  of  the 
simulated  plasmoid  is  determined  by  the 
formula: 


2 

N  M .  V.  N  N  .  . 

Ui  =  E - +  E  E  ( Up  +  Um.  I  )  . 

i=l  2  k=ll=P 

The  model  pennits  to  simulate  the  plasma  clot 
as  in  the  mode  of  one  electron  atoms,  where 
there  is  only  one  electron  per  every  ion  and  in 
the  many-electron  mode  which  pennits  more 
completely  simulate  the  effects  with  developed 
function  of  electron  distribution.  Evolution  of 
the  plasmoid  stricking  the  magnetic  barrier  is 
considered.  This  problem  in  our  opinion  bears  a 
relation  to  processes  on  the  border  between  the 
magnetosphere  and  magnetopause  where 
primary  plasma  flow  during  interaction  with 
magnetopaus  can  be  splitted  on  some  slot-hole 
flows  oriented  along  magnetic  field.  Modelling 
of  sphtting  by  the  method  of  large 
magnetoactive  particles  is  possible  basically, 


however  in  the  present  version  the  model 
would  require  too  many  particles.  This  problem 
bears  also  relation  to  processes  after  injection  of 
a  working  substance  into  a  closed  magnetic 
system.  The  parameters  of  the  model  were 
chosen  from  the  following  reasons: 

1.  Radius  of  a  particle  Rp=N  Ri  (N  ~  0.5  -  5.0), 
where  Ri  -  the  larmour  radius  of  ions. 

2.  Degree  of  overlapping  a=1-5  (a=ii/ni  and 

Np 

ni  = - ,  where  n  -  the  density  of  plasma, 

3 

— 7C  Rp 
3 

ni  -  the  average  density  in  the  particle,  Np  -  the 
number  of  elementary  particles  in  a  large 
particle). 

3.  The  ratio  of  ion  to  electron  weights 
nu/me=9.85  (the  ion  is  200  times  lighter  then 
proton). 

4.  The  number  of  particles  in  the  task  was  10  -  SO 
pairs.  The  following  cases  are  considered:  n  <  nc, 

B  v  efi 

n>  nc  and  n>  Um  (n  = - coincides  with 

4n  h  ■  f 

[2]  and  n  = - ^ —  >  where  B  -  magnetic 

StiHqc  m 

i 

induction,  V  -  speed  of  a  plasmoid,  h  -  thickness 
of  a  plasmoid.  Figures  1,2,3  shown  the  time 
evolution  of  the  total  Ut,  kinetic  Ek,  potential 
Up,  and  magnetic  energies  of  the  plasma  clot 
where  the  limit  of  time  measurements  is  the 
quarter  of  the  lannour  period  of  the  model 
electron-  In  all  three  cases  the  initial  density  of 
the  plasmoid  was  n=100  |l/cm31,  and  the 
velocity  of  the  plasmoid  perpendicular  to  the 
magnetic  field  V0=300  [km/sec].  For 

modelling  of  the  plasmoid,  27  pairs  of  the  model 
particles  (ions  and  electrons)  were  used.  The 
simulated  plasmoid  had  originally  the  form  of 
parallelepiped. 

During  movement  of  the  clot,  the  energy  in  its 
decelerating  for  head  part  is  rq)lenished  at  the 
expense  of  other  parts  of  a  clot  converging  the 
"head",  while  elongation  of  the  configuration  of 
the  clot  along  the  magnetic  hnes  is  supported  due 
to  charge  flow  along  the  field  Unes.  The  clot  is 
extended  also  in  the  direction  perpendicular  to 
the  magnetic  field  and  velocity  of  the  clot. 
Compression  of  the  clot  in  the  direction  of 
movement  permits  it  to  penetrate  into  the 
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magnetic  field  for  which  n  <  nc  at  the  expense  of 
increase  of  density  of  particles. 
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fig.  1 .  -  time  dependence  of  energy  of  the  plasma 
clot,  when  the  value  of  the  magnetic  field  of  the 
barrier  B=510-4  [T]  is  higher  than  the  critical 
value  corresponding  to  reflection  of  the 
plasmoid. 
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fig.2.  -  time  dependence  of  energy  of  the  clot 
penetrating  through  the  magnetic  barrier 
B=910-5  [X]  vvith  formation  of  an  electrostatic 
shell  and  organization  of  a  drift  field  of 
polarization. 


In  the  model  the  dissipative  processes  are  not 
considered,  therefore  the  energy  of  directed 
movement  perpendicular  to  the  field  hnes 
transforms  partially  in  the  energy  of  movement 
along  the  lines,  potential  energy  of  the  field  of 
polarization.  At  movement  of  the  plasmoid  in  a 
cross  magnetic  field,  there  is  development  of 
fluctuations  of  various  frequencies  which 
difficultly  to  identified  due  to  fluctuations  of  all 
physical  parameters.  The  figure  shown  permit  to 
identify  some  of  them  as  the  plasma  frequency 
tOp,  electron-cyclotron  and  ion-cyclotron 
frequency  of  the  model  clot.  It  is  necessary  to 
note  very  good  fulfilment  of  the  law  of  the  total 
energy  Ut  conservation  in  the  model  (the  total 
energy  -  is  shown  by  the  horizontal  stright  line 
Ut  in  figures  1,  2,  3). 

Borders  of  appheabihty  of  the  model,  besides  the 
mentioned  necessity  of  large  number  of  particles 
for  modelling  of  sphtting  of  the  flow  on  the 
magnetospher  is  the  following  restrictions: 

a)  Complete  pushing  of  the  magnetic  field  out  of 
plasma  cannot  be  achieved  because  of  discretic 
character  of  large  particles. 

b)  Impossibihty,  of  uniform  density  in  the  model 
results  in  significantly  enhanced  energy  necessary 
for  moving  the  electron  component  in  such  if  to 
compare  with  real  plasma. 

c)  Ratio  of  ions  and  electrons  masses  cannot  be 
taken  close  to  the  real  value,  therefore  both  the 
scale  of  the  boundary  layers,  tune  of  the  electron 
reaction  on  movement  of  ions  change. 

fl)  Discrete  behaviour  of  large  particles  leads  to 
essential  fluctuation  of  parameters  of  the  clot. 
Nevertheless  the  results  of  calculations  show,  that 
the  model  in  borders  of  it’s  applicabihty,  shows 
effects  admitting  physical  interpretation,  gives  the 
law  of  energy  conservation,  and  permits 
modelling  of  physically  essential  effects  of 
interaction  of  plasmoid  with  magnetic  barriers 
using  personal  computers. 
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fig. 3.-  time  dependence  of  energy  of  the  clot 
which  forms  an  electrostatically  magnetic  shell 
ensuring  joint  electrostatically-magnetic 
penetration  into  the  magnetic  barrier  B=510-5 
[T],  when  the  condition  n>  nm  is  satisfied 
(magnetic  field  is  frozen  in  the  plasmoid). 
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Introduction 

Expanding  plasmas  with  dust  particles  have  been 
intensively  investigated  in  recent  years  {1-9] 
including  investigations  of  relaxation  problems  in 
such  plasmas  [5-9].  However  these  investigations 
have  been  carried  out  under  the  assumption  of  an 
equilibrium  initial  state  although  non-equilibrium 
plasmas  can  be  realized  in  many  cases,  for 
example,  by  an  interaction  of  laser  radiation  with 
solid  state  surfaces,  in  particular  in  laser  fusion. 

The  aim  of  this  work  is  the  computer 
modeling  of  an  expansion  of  bounded  plasma 
layers  with  dust  particles  and  with  two  groups  of 
electrons  with  different  temperatures  which  can 
be  realized  by  an  interaction  of  laser  radiation 
with  solid  state  surfaces.. 

Model 

Uniform  quasi-neutral  plasma  layers  with  the 
initial  size  L  and  sharp  boundaries  consist  of 
two  groups  (cold  and  hot)  of  electrons  with  initial 

densities  and  and  with  different  initial 

temperatures  7^^  and  7^*  ,  respectively,  as  well 

as  ions  with  density  and  temperature  T’g  . 
The  quasi-neutrality  condition  gives  the  following 
relation  between  densities  of  electrons  and  ions: 

This  plasma  layers  can  expand  into  a 
vacuum  due  to  the  self-consistent  electric  field. 

Non-charged  dust  particles  with  radius  Rj  and 

density  rij  appear  in  this  plasma  layer  at  the 

initial  time.  Therefore  the  plasma  relaxation  takes 
place  both  by  this  plasma  expansion  and  by  the 
collection  of  electrons  and  ions  from  the  plasma 
on  dust  particles.  The  plasma  is  considered  to  be 
collisionless  because  the  plasma  relaxation  time  is 
much  less  than  the  electron-ion  collision  time  due 
to  the  choice  of  the  parameters  of  the  plasma  and 
the  uncharged  dust  particles. 

Various  parameters  of  this  relaxing  plasma 
have  been  numerically  simulated  using  the  PIC 
method  and  taking  into  account  the  dynamics  of 


the  dust  particle  charge  in  the  framework  of  the 
orbit-limited-probe  theory  without  the  assumption 
about  equilibrium  of  electrons  and  ions.  Coulomb 
collisions  of  electrons  and  ions  with  dust  particles 
are  taken  into  account  in  the  framework  of  the 
method  of  stochastic  differential  equations.  In 
some  cases,  the  electron  and  ion  collection  by 
dust  particles  and  the  Coulomb  collisions  have 
also  been  simulated  by  the  Monte  Carlo  method. 

3.  Results 

Typical  results  of  the  computer  modeling  are 
plotted  in  Fig.  1  -  3  for  different  numbers  Nj  = 
rij  Lg  of  dust  particles  in  a  Debye  sphere  at 

R,  =0.32.(7;t  /?::)=  10,  T;,  =  and 

tw,  !  m^—  256  which  last  value  is  taken  to 

obtain  higher  simulation  precision.  Here  R^  and 
the  spatial  coordinates  X  are  divided  by  the 

initial  Debye  length  Lg  of  the  cold  electrons,  the 
time  t  is  multiplied  by  the  initial  ion  plasma 

frequency  , . 


Fig.  1 


The  influence  of  dust  particles  on  the 
plasma  expansion  is  clearly  seen  from  Fig.  1  in 
which  the  spatial  distributions  of  the  ion  density 

n,  divided  by  the  initial  ion  density  are 
shown  for  various  times  after  the  start  of  the 
plasma  expansion  in  case  of  plasma  expansion 
without  dust  particles  (upper  part)  and  in  case  of 
plasma  expansion  with  dust  particles  (lower  part). 
In  the  first  case,  we  have  the  usual  plasma 
expansion  with  a  rarefaction  wave  propagating 
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into  the  central  part  of  the  plasma  layer. 
Therefore  the  decrease  of  the  ion  density  in  the 
same  layer  point  starts  only  after  this  point  has 
been  reached  by  the  rarefaction  wave.  In  case  of 
plasma  expansion  with  dust  particles  (lower  part 
of  Fig.  1)  the  decrease  of  the  ion  density  starts  in 
all  points  of  the  plasma  layer  due  to  the  ion 
collection  by  dust  particles.  Besides,  this  decrease 
is  faster  than  in  the  case  of  plasma  expansion 
without  dust  particles. 


Fig.  2 

The  influence  of  dust  particles  on  electrons 
is  clearly  seen  from  Fig.  2  in  which  the  X- 
components  of  the  mean  (for  positive  values  of 
the  spatial  X-axis)  electron  velocity  distribution 
function  are  shown  for  various  cases 
corresponding  to  Fig.  1.  As  can  be  seen  from  Fig. 
2,  this  function  is  non-equilibrium  initially, 
because  the  plasma  layer  consists  of  two  groups 
of  electrons.  In  the  case  of  a  plasma  without  dust 
particles,  this  function  evaluates  due  to  a  transfer 
of  electron  energy  to  ions  by  the  self  consistent 
electric  field  during  the  plasma  acceleration.  All 
electrons  participate  in  this  energy  transfer  and 
therefore  the  non-equilibrium  character  of  this 
function  as  well  as  the  special  properties  of  this 
non-equilibrium  are  preserved  during  the  plasma 
expansion  without  dust  particles  (Fig.  2a). 
However,  in  the  case  of  a  plasma  with  dust 
particles  fast  electrons  can  be  collected  by  dust 
particles  only  due  to  their  negative  electric 
charge.  Therefore  these  fast  electrons  vanish  just 
after  the  start  of  the  plasma  expansion  and  the 
electron  velocity  distribution  function  is  like 
Maxwellian. 


Fig.  3 

As  can  be  seen  from  Fig.  3,  there  is  also 
some  difference  between  the  evolution  of  the 
mean  ion  velocity  distribution  function  during  the 


plasma  expansion  for  these  two  cases.  In  the  case 
without  dust  particles  the  ion  acceleration  takes 
place  due  to  the  self  consistent  electric  field  along 
the  X-axis  during  the  plasma  expansion. 
Therefore  there  is  some  shift  of  the  mean  (for 
positive  values  of  the  spatial  X-axis)  ion  velocity 
distribution  function  to  the  right.  In  the  case  of 
plasma  without  dust  particles,  this  shift  is  smaller 
because  fast  electrons  are  just  collected  by  dust 
particles  and  their  contribution  to  the  ion 
acceleration  is  smaller  than  in  the  case  of  plasma 
without  dust  particles. 

4.  Conclusion 

Computer  modeling  of  expanding  plasma  layers 
with  dust  particles  shows  that  dust  particles  can 
strongly  influence  different  phenomena 
accompanying  this  expansion.  This  influence  is 
caused  by  the  selective  collection  of  electrons  and 
ions  by  dust  particles  with  self-consistent  negative 
electric  charge.  First  of  all,  these  particles  can 
change  the  initial  energy  distribution  functions  of 
electrons  and  ions  due  to  the  selective  collection 
of  electrons  and  ions. 
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Collective  phenomena  and  plasma  waves  are  the  base, 
the  essence,  and  the  starting  point  of  any  gas  plasma 
theory  [1-4],  However,  these  concepts  are  not  used  in 
the  theory  of  nonideal  plasmas  [5,6],  So  there  is  a  barrier 
between  the  treating  of  ideal  and  nonideal  plasmas. 
However,  plasma  waves  do  exist  in  nonideal  plasmas  (s. 
[7]  and  rfs,  therein)  and  it  is  possible  to  develop  nonideal 
plasma  theory  starting  with  plasma  waves,  just  as  in  the 
gas  plasma  case.  It  is  the  incorporation  of  nonideal 
plasma  in  conventional  plasma  theories  that  is  the  goal  of 
the  present  report. 

1.  Damping  decrements 

It  is  often  assumed  that  the  range  of  plasma  wave 
existence  is  limited  by  the  inequalities 

k  <  kg  aK  (1) 

7  <  Yo  <  1  (2) 

k  is  the  wave  number,  k  =  7/0^,  the  electron  Debye 
radius  T  is  temperature,  ««  is  electron 

number  density,  the  nonidealty  parameter  j^e^n'^^/kT 
and  n=2ne.  The  inequality  (1)  results  from  Landau 
damping,  ct»l.  The  inequality  (2)  is  due  to  collision 
damping.  The  fact  that  plasma  waves  were  neglected  in 
[5,6]  may  be  attributed  to  the  violation  of  (2)  in  the 
nomdeal  plasma  region. 

In  ideal  plasmas,  the  collision  damping  decrement 
is  determined  by  the  Landau  collision  integral,  and  its 
correct  form  is 

r,/ne-(l/6)/'^ln(Ai^+l)  (3) 

where  ne=(4jte^ne/ra)''^,  Ai=1/[(4jc)’^V^^].  and  the 
screening  length  Og  is  taken  as  an  upper  cut-off  distance. 
The  equation  (3)  takes  into  account  weak  long  range 
multiparticle  interactions  As  y  grows,  n<,  becomes  less 
than  the  mean  interparticle  distance  n'*'’  and  the  latter 
begins  to  play  the  role  of  the  screening  distance  [8]. 
Then,  short  range  interaction  between  charged  particles 
is  predominant,  the  collisions  become  strong  and  almost 
binary,  and  the  Landau  collision  integral  should  be 
replaced  by  the  Boltzman  collision  integral.  In  this  case, 
collision  damping  has  the  same  functional  form  but  with 
Og  replaced  by 

ro/f2e=l/6y’'"ln(A2M),  (4) 

where  A2=(9/4)y‘^.  Thus,  at  small  y,  the  quantity  ryfle 
increases  as  according  to  (3)  and  at  large  y  it 
decreases  as  y'*^^.  A  maximum  between  these  two 
branches  of  the  damping  decrement  can  be  evaluated  by 
sewing  the  equations  (3)  and  (4)  at  ag=ng''^ .  This 
estimate  gives  a  value  of  (Tc/tDraW^O.  1  at  ya;l . 

The  withdrawal  of  the  collision  restriction  (2)  is 
explained  by  the  fact  that  becomes  less  than  .  The 
inequality  (1)  should  also  be  modified 
k<qn  =  (5) 


where  qg  is  the  Debye  wave  number  [9],  In  a  Debye 
plasma,  qo»K  and  the  restriction  (1)  is  stronger  than 
(5).  As  y  grows,  the  inequality  reverses  qo<K. 

Landau  damping  is  determined  by  the  electrons 
moving  with  velocity  equal  to  the  phase  velocity  of  the 
wave.  In  a  Debye  plasma,  this  corresponds  to  the 
electron  thermal  velocity.  In  nonideal  plasma,  the 
minimum  phase  velocity  increases  and  the  number  of 
electrons  contributing  to  Landau  damping  decreases. 
They  correspond  to  the  tail  of  the  Maxwell  distribution. 
Hence,  the  maximum  value  of  Landau  damping 
decreases  as  y  grows. 

The  range  of  plasma  waves  existence  is  presented 
in  Fig.  1.  Account  was  taken  of  the  fact  that  according  to 
[3],  the  Landau  damping  decrement  rL(ko)=(D(ko)  when 
ko=2.34K  and  (B(ko)/Clc=3,5. 

Two  regions  can  be  distinguished  in  Fig.l.  In  the 
first,  where  the  lines  are  parallel  to  the  one  marked  by 
unity,  Landau  damping  dominates.  The  region  where  the 
isolines  are  vertical  is  dominated  by  collision  damping. 

From  the.  definition  of  qo,  it  follows  that  the  fraction 
of  the  collective  degrees  of  freedom  s/3nc=l/3  at 
Y>yL=0.3  (qo=ko  for  y=yL).  The  value  1/3  means  that 
only  longitudinal  waves  are  considered. 

Thus,  the  number  of  collective  degrees  of  freedom 
in  a  nonideal  plasma  is  greater  than  in  a  Debye  plasma, 
since  in  that  case,  they  are  no  longer  l&nited  by  Landau 
damping. 


Fig  1 .  Isolines  (To  +  Fl)  /ffi  =  const 

The  figures  near  the  lines  denote  the  values  of  const.  The 

horizontal  line  corresponds  to  k  =  qo. 
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2.  Oscillation  modes 

Each  collective  degree  of  freedom  corresponds  to  a 
normal  oscillation  mode,  that  is,  to  an  oscillatory  motion 
of  a  collective  variable  [10] 

Pk{t)  =  Y^exp{-ikXj{t) ) 
j 

with  a  certain  frequency  o(^). 

In  the  nonideal  plasma,  the  case  is  much  more 
complicated,  because  we  deal  with  a  system  of 
interacting  oscillators  with  nonlinear  coupling  To  derive 
the  motion  equation  for  collective  excitations  in  nonideal 
plasma,  one  should  use  the  smallness  of  plasma  wave 
damping.  Then,  similarly  to  [10],  the  Hamiltonian  of  the 
system  has  the  form 

^  -  ^oB(Pk)  +  +  ^oB-in  +  ^in(^rP) 

(6) 

where  Ho/pi)  is  the  Hamiltonian  of  the  colleaive 
degrees  of  freedom,  Hj„(q,p)  is  the  energy  of  the 
individual  degrees  of  freedom,  and  and 

^08 -in  represent  relatively  small  interactions 
between  different  collective  degrees  of  freedom  and 
between  collective  and  individual  degrees  of  freedom, 
respectively. 

Differentiating  (6)  with  respect  to  Pk,  one  can 
obtain  the  equations  of  motion  of  the  collective  degrees 
of  freedom.  Then,  following  Tatarskii  [11],  who  studied 
a  system  of  coupled  oscillators  at  small  evolution  times, 
one  can  reduce  these  equations  to  those  of  the  Langevin 
form 

Pt=-o>lPi,+^egPk+y  (7) 

where  Pej  is  the  effective  friction  coefficient,  which 
includes  both  collision  and  Landau  dampings,  and  y  is 
the  5-correlated  random  force 
{y(t)y(t'))  =  2D^S(t  -  t'). 

Dp  is  the  diffusion  coefficient  in  p  space. 

The  equations  (7)  are  not  coupled  with  respect  to 
different  k  and  can  be  treated  as  usual  equations  for  a 
stochastic  oscillator. 

The  corresponding  estimates  of  plasma  wave 
dispersion  and  damping  decrement  are  in  agreement  with 
the  resuks  of  molecular  dynamics  simulations  [12]. 

3.  Individual  degrees  of  freedom 

Differentiating  (6)  with  respect  to  the  coordinates 
of  individual  degrees  of  freedom,  one  can  obtain  the 
motion  equations  of  individual  quasiparticles.  According 
to  (6),  two  force  terms  appear.  The  first  is  due  to  the 
strong  pair  interaction  of  the  electrons  with  other 
charges  at  short  distances  and  the  second  is  the  action  of 
the  collective  high  frequency  electric  field. 

Each  force  term  results  in  a  corresponding  electron 
“collision”  frequency  item.  Thus,  the  total  effective 
scattering  frequency  Veff  can  be  written  in  the  form 

(8) 

where  is  the  electron-charge  collision  frequency  and  4 
is  the  fraction  of  collective  degrees  of  freedom  or  the 


ratio  of  the  energy  of  the  collective  fluctuations  to  the 
electron  thermal  energy.  For  a  Debye  plasma 
^■=  0.17aV''^  and  for  a  nonideal  plasma,  ^  =  1/3.  This 
estimate  agrees  with  molecular  dynamics  results  [12]. 

4.  Energy  of  electric  field  fluctuations 

The  potential  energy  of  the  system  of  charged 
particles  is  proportional  to  the  mean  squared  intensity  of 
the  electric  field,  including  the  collective  field.  The 
collective  field  energy  is  important  for  evaluation  of 
certain  properties  of  a  nonideal  plasma  (see  e.g.  Section 
3)  However,  to  obtain  thermodynamic  functions,  it  is 
necessary  to  calculate  the  difference  between  the 
potential  energies  of  the  real  system  and  of  the 
noncorrelated  system  of  charged  particles.  The 
derivation  is  rather  complicated  but  can  be  performed 
analytically.  The  following  expression  for  the  internal 
correlation  energy  £'>iA:7is  obtained  [13]. 

E/nkT  =  -23f^'^Y'^arctg(q(/'K) 

(8) 

For  y«l,  equation  (8)  gives  the  Debye-Hueckel  limiting 
law.  Further  development  of  the  thermodynamics  can  be 
done  in  the  framework  of  the  approaches  some  of  which 
were  considered  in  [5,6] 
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1.  Introduction 

Resonance  cones  in  the  range  of  lower  and  upper  hybrid 
frequencies  are  investigated  experimentally  in 
inhomogeneous  magnetized  plasmas. 

The  analysis  has  been  performed  both  in  linear  and 
toroidal  devices  and  was  aimed  to  the  study  of  some 
phenomena  involved  with  the  cones  propagation  in 
inhomogeneous  plasma,  like  cone  reflection  close  to  the 
electron  plasma  layer,  cone  scattering  due  to  the 
presence  of  density  fluctuations  and  cone  deflection  due 
to  geometrical  effects. 

A  resonance  cone  can  be  excited  by  an  oscillating  point 
source.  It  can  be  shown  that  in  a  cold  homogeneous 
magnetized  plasma  the  wave  potential  generated  through 
a  point  source  becomes  singular  along  a  cone  called 
"resonance  cone"  ,  whose  axis  is  parallel  to  the  static 
magnetic  lines  .  whose  vertex  is  the  point  source  and 
whose  opening  half-angle  0^  is  related  to  the  plasma 
parameters. 

In  this  paper  we  analyse  the  propagation  of  electron 
resonance  cones  excited  in  the  lower  branch 
(0<f<min(fpe,fce))  (where  fpe  is  the  electron  plasma 
frequency  and  fee  is  the  electron  cyclotron  frequency). 
The  analysis  aims  to  study  the  cone  propagation  under 
different  plasma  conditions  and  in  presence  of 
inhomogeneities,  which  affect  and  sometimes  prevent 
the  cone  propagation  in  the  plasma. 

The  experimental  investigation  has  been  performed  in 
linear  (MIRABELLE)  and  toroidal  devices 
(THORELLO),  in  which  magnetized  low  density 
plasmas  are  produced, 

2.  Experimental  results 

Fig.l  shows  the  typical  map  relevant  to  the  propagation 
of  an  electron  resonance  cone  excited  in  the  lower 
branch  inside  the  plasma  column  of  MIRABELLE;  in 
the  abscissa  is  represented  the  axial  coordinate 
(200  mm<z<400  mm)  while  in  the  ordinate  the 
horizontal  one  (-75  mm<x<  75  mm).  The  detected  signal 
amplitude  is  shown  in  arbitrary  unit  in  the  z  coordinate. 
The  point  source  is  located  in  x=0  mm,  z=325  mm 
(column  centre  is  in  x=y=0  mm,  z=325  mm). 

The  signal  is  detected  by  a  Langmuir  probe  and  sent  to  a 
network  analyser.  The  data  have  been  detected  along  a 


longitudinal  plane  (x,y)  symmetric  with  respect  to  the 
emitting  source  ,  so  it  has  been  possible  to  detect  the 
two  divergent  cones  propagating  from  the  source;  one 
(left  cone)  propagates  along  the  versus  of  the  magnetic 
field  (which  is  z)  and  the  other  (right  cone)  in  opposite 
versus. 


a.u. 


z  (cm) 


Fig.l  Resonance  cones  for  f=475  Mhz,  detected  in 
Mirabelle. 

For  the  cone  propagating  to  the  left,  it  can  be  seen  the 
reflection  effect. 

From  the  theoretical  analysis''^',  the  reflection  of  a 
resonance  cone  excited  in  the  L.B.  occurs  on  the 
electron  plasma  layer  (fpe  layer),  which  corresponds  to  a 
local  density  nj  obtained  from  the  resonance  condition 
between  the  electron  plasma  frequency  and  the  exciting 
frequency  f=fpc(ne). 

It  can  be  seen  that  while  the  diverging  cones 
propagating  from  the  source  to  the  electron  plasma  layer 
exhibit  a  well  defined  cone  structure  (fig.l),  the 
propagation  of  the  reflected  cone  toward  the  focalization 
area  (x=0  cm;  z=223  cm)  becomes  less  localised  so  that 
the  cone  does  not  converge  into  a  focal  point,  but  in  a 
broadened  region  around  it. 
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This  phenomenon  is  due  to  a  non-perfect  symmetry  of 
density  transversal  (perpendicular  to  the  magnetic  field) 
profile  ;  the  two  branches  departing  from  the  source  are 
reflected  in  different  radial  positions  (xi;^X2)  around 
x=±75  mm.  The  non  perfect  symmetry  of  the  density 
profile  generates  two  different  effects:  the  global  radial 
shift  of  the  convergent  cone  with  respect  to  the 
symmetry  axis  (x=0cm)  of  the  divergent  cone,  and  a 
delocalized  focal  region. 


Fig.2  Resonance  cones  vs  radial  position  in  a.u., 
detected  in  Thorello  for  different  frequencies  :  from  the 
top  f=350:450;505;515  Mhz. 

The  energy  relevant  to  the  reflected  converging  cone 
instead  of  being  focalized,  and  consequently  presenting 
a  maximum,  is  distributed  among  a  set  of  secondary 


peaks.  Another  phenomenon  which  prevents  the  cone 
focalization  is  related  to  the  presence  of  density 
fluctuations,  which  are  also  the  main  obstacle  to  the 
propagation  and  consequently  to  the  detection  of 
resonance  cone. 

For  what  concerns  the  analysis  of  toroidal  effects,  in  fig. 
2  are  shown  the  cone  amplitudes  as  a  function  of  the 
radial  position  for  several  values  of  the  exciting 
frequency.  TTie  emitting  source  and  the  probe  are  both  in 
the  equatorial  plane  of  the  chamber  and  they  can  move 
along  the  radial  section  of  the  plasma  column. 

We  have  observed  as  follows:  only  a  resonance  peak 
appears  and  there  is  a  radial  shift  of  the  cone  increasing 
the  exciting  frequency.  At  the  frequency  of  f=505  Mhz, 
the  resonance  peak  reverses  its  radial  shift. 

As  the  distance  between  the  source  and  the  probe  is  15 
cm  and  the  source  is  placed  2.5  cm  from  the  chamber 
edge,  where  density  gradient  is  high,  we  can  explain  the 
lack  of  the  second  resonance  peak  supposing  that  the 
cone  propagating  towards  the  edge  side  of  the  chamber 
has  been  subject  to  one  or  more  reflections  on  the  edge 
plasma  layer  before  detection. 

These  reflections  can  induce  a  partial  wave 
delocalization  and  a  signal  modulation  as  shown  in  the 
same  figure.  The  radial  cone  shift  with  the  frequency  is 
in  agreement  with  L.B.  theory:  the  cone  angle  increases 
when  the  exciting  frequency  increases. 

The  reason  for  which  this  shift  is  not  very  evident 
compared  to  the  cone  propagation  in  the  linear  device 
could  be  due  to  the  presence  of  a  weak  toroidal 
magnetic  field  gradient. 

In  fact,  as  theory  shows,  the  resonance  cone  propagation 
is  highly  sensitive  to  the  magnetic  field  variation. 

3.  Conclusions 

In  the  linear  device  the  cone  propagation  and  the  effects 
induced  by  a  density  gradient  have  been  analysed:  the 
cone  reflection  on  peculiar  plasma  layers  and  the 
bending  of  the  cone  generatrixes  has  been  observed. 

The  analysis  of  the  cones  propagation  has  been 
performed  varying  the  signal  frequency. 

In  the  toroidal  device  the  cone  propagation  has  been 
shown  to  be  highly  influenced  by  the  geometry,  i.e.  the 
curvature  of  the  toroidal  magnetic  field  lines,  and  by  the 
strong  radial  density  gradient. 
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1.  Introduction 

This  paper  concerns  the  analysis  of  the  electrostatic 
fluctuations  in  the  toroidal  magnetoplasma  Thorello. 
The  research  is  focused  on  the  characterisation  of  the 
turbulent  regime,  associated  with  destabilised  drift-type 
waves.  This  study  is  performed  by  measuring  the 
frequency  spectra  and  by  evaluating  the  presence  of 
nonlinear  wave  interactions  through  the  estimate  of  the 
bicoherence  coefficients  of  density  fluctuations. 

The  destabilisation  of  drift  waves  driven  by  density 
gradient  has  been  subject  of  theoretical  analyses’  based 
on  the  collisional  model.  They  showed  that  a  coherent 
drift  mode  can  destabilise  and  generate  a  turbulent 
spectrum  for  the  ion  gyroparameter  satisfing  the 
following  relation: 

P=rfclpf)^«l, 

where  pj  is  the  ion  gyro-radius  calculated  at  the  electron 
temperature.  In  our  plasma  for  a  magnetic  field  value  of 
2kG,  the  typical  ion  gyroparameter  is  lower  than  0.1,  so 
that  drift  waves  are  destabilised.^ 

2.  Experimental  results 

The  experiment  is  carried  out  in  the  Toroidal  device 
Thorello  which  produces  magnetised  hydrogen  plasma 
in  steady-state  conditions.  Typically  obtained  plasma 
parameters  for  a  toroidal  magnetic  field  of  2kG  are:  Tg= 
1  eV,  Ti=0.3  eV,  edge  plasma  density=10®  cm'^,  centre 

plasma  density=10*'  cm'^,  neutral  gas  pressure  P=10'‘^ 
mbar. 

In  fig.l  the  radial  behaviour  of  the  density  fluctuations 
normalised  to  the  medium  density  evaluated  from  the 
ion  saturation  current  is  shown. 

The  relative  density  fluctuations  reach  the  maximum 
value  (25%)  in  the  plasma  edge  and  decrease  going 
towards  the  plasma  center  where  they  assume  the  value 
of  5%. 

These  fluctuations  are  to  be  ascribed  to  the  presence  of 
drift  waves  driven  by  density  gradient  in  the  plasma 
edge.  The  statistical  dispersion  of  such  modes  has  been 
analysed  in  previous  works^’^. 

The  wave  frequency  power  spectra  of  such  fluctuations 
are  obtained  by  Fourier  transforming  the  signals  relevant 
to  the  ion  saturation  current. 

Signals  are  sampled  at  10  |is,  as  the  typical  measured 
frequency  range  of  the  fluctuations  is  below  50  kHz. 
Fig.2  shows  the  frequency  spectra  measured  in  different 
radial  positions  at  the  plasma  edge,  where  the  relative 


Fig.l:  density  fluctuations  normalised  to  the  medium 
density  as  a  fiinction  of  the  radial  position. 


Fig.2:  Frequency  spectra  at  different  radial  positions: 
■  1cm,  •1.5cm,  -H2cm,  1 3cm. 

density  fluctuations  are  quite  large. 

The  spectra  can  be  fitted  in  the  frequency  range  above  5 
kHz  by  a  power  law  characterized  by  a  spectral  index  b, 
as  follows: 
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where  b  is  of  the  order  of  2.  It  turns  out  that  density 
fluctuations  are  characterized  by  a  turbulent  regime. 

The  experimental  data  are  in  agreement  with  previous 
measurements  performed  in  other  linear  and  toroidal 
devices'*’^. 

Turbulence  can  be  caused  by  nonlinear  interactions 
between  destabilised  drift  waves.  To  investigate  the 
occurrence  of  a  non  linear  mechanism  in  the  fluctuation 
spectra  we  have  estimated  the  bicoherence  coefficient 
following  the  procedure  described  in  reference  6. 

The  normalised  bicoherence  coefficient  gives 
information  on  the  degree  of  phase  coherence  among 

three  different  frequency  modes  (Oj,  (O2,  (Oj+(ii2, 
regardless  from  their  amplitude.  A  statistically  different 
from  zero  value  would  indicate  that  there  exists  a  waves 
dynamical  interaction  in  the  system  that  couples  non 
linearly  the  three  modes,  or  may  reflect  phase  relation 
between  modes  describing  quasi-static,  long-lived 
structures. 

We  have  computed  the  bicoherence  coefficient  on 
different  time  scales  and  we  have  found  that  a  typical 
time  scale  exists  for  which  the  degree  of  phase 
coherence  among  the  three  modes  is  large  indicating  that 
this  effect  is  produced  by  wave  dynamical  interactions 
rather  than  a  time  stationary  process.  The  most 
convenient  analysis  tool  for  discriminating  between 
dynamic  and  static  processes  is  that  of  bicoherence 
wavelet  transform  and  will  be  the  argument  of  a  future 
work. 

In  fig. 3  the  bicoherence  coefficient  has  been  plotted  as  a 
function  of  00/  and  002. 

For  B=2  kG  the  main  bicoherence  peak  reaches  the 
2 

value  0.33  (a  (b)=O.01)  and  the  non-linear  interaction 
occurs  in  the  rectangle  defined  by  the  frequency  ranges 
//=(0-30)  kHz  and  /2  =(0-5)  kHz,  i.e.  the  non-linear 
wave-wave  interaction  is  significant  over  the  whole 
frequency  range  (Fig.  3). 

By  repeating  this  analysis  for  different  plasma 
parameters  (magnetic  field  and  plasma  density)  we  have 
obtained  very  similar  bicoherence  spectra  indicating  that 
the  non-linear  behaviour  depends  mainly  on  the 
magnetic  field  intensity  and  on  the  radial  position. 

The  bicoherence  coefficient  is  high  in  the  edge  (x=l 
cm)  where  the  total  integrated  bicoherence  reaches 
values  higher  than  unit  (b^=3),  showing  a  nonlinear 
interaction  between  more  than  three  waves.  Moving 
towards  the  center  (x>3.5cm)  the  total  integrated 
bicoherence  lowers  at  about  b^=0.2-5-0.3.  For  this  reason 
we  can  conclude  that  the  characteristics  of  drift  waves  in 
the  edge  and  in  the  plasma  center  are  different. 

It  can  be  noticed  that  the  bicoherence  and  the  density 
fluctuations  amplitude  have  a  similar  behaviour:  the 
nonlinear  interaction  between  waves  is  strong  in  the 


plasma  edge  (x<3  cm),  where  the  density  fluctuations 
are  large. 


f2(kHz) 

Fig.3:  bicoherence  coefficient  plotted  as  a  function  of 
f  j  and  f2. 


S.Conclusions 

In  conclusion  we  see  that  the  turbulent  regime  develops 
mainly  in  the  plasma  edge  due  to  the  destabilisation  of 
drift  modes.  In  presence  of  turbulent  density  fluctuation 
spectra  are  characterised  by  a  power  law  in  agreement 
with  other  measurements. 

The  amplitude  of  these  fluctuations  is  large  and  the 
bicoherence  analysis  shows  a  large  presence  of  three- 
wave  coupling,  s6  that  the  turbulence  can  be  regarded  as 
a  nonlinear  interactions  of  drift-type  modes.  Contrary,  in 
the  plasma  inner  the  nonlinear  interactions  are 
neglegible  and  the  level  of  the  relative  density 
fluctuations  is  low. 
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1.  Introduction 

Interesting  current  structures  were  observed  on 
spiral  corona  cathodes  in  an  electrostatic  precipitator 
configuration  in  recent  experiments  [1];  part  of  the 
cathode  was  dark  with  bright  points,  another  part  was 
luminous  with  longitudinal  dark  strips.  The  bright 
points  seem  to  correspond  to  the  spots  on  the  surface 
of  a  corona  cathode  in  electron-attaching  gases,  de¬ 
scribed  in  [2].  The  dark  strips  were  interpreted  by  the 
authors  [l]  as  current-free  zones.  Later,  the  current- 
free  strips  on  cylindrical  and  spiral  cathodes  have  been 
observed  in  two-  and  three-dimensional  steady-state 
computer  simulation  [3]. 

The  basic  question  concerning  these  current-free 
strips  is  whether  they  appear  due  to  (1)  current  con¬ 
traction  or  (2)  the  specific  discharge  geometry.  The 
second  hypothesis  implies  that  a  regime  with  a  more 
or  less  uniform  cirrrent  distribution  over  the  cathode 
surface  does  not  exist  in  the  discharge  configuration 
considered,  thus  the  regime  with  the  strips  is  the  only 
possible  in  this  situation.  The  first  hypothesis  im¬ 
plies  that  the  geometrical  factor  is  not  decisive  and 
the  regime  with  a  uniform  current  distribution  over 
the  cathode  surface  exists,  however  it  is  unstable  and 
does  not  realize  in  the  physical  and  computer  experi¬ 
ments,  while  the  regime  with  the  strips  is  stable  and 
realizes.  If  this  hypothesis  is  correct,  the  current-free 
strips  belong  to  self-organized  structures,  similarly  to 
the  normal  spots  on  glow  cathodes  and  to  the  arc 
spots. 

In  the  computer  simulation  [3],  regimes  of  both 
types  (with  a  nearly  uniform  distribution  of  the  elec¬ 
tric  current  over  the  cathode  surface  and  with  current- 
free  strips)  have  been  observed,  depending  on  param¬ 
eters  of  the  discharge.  This  indicates  that  the  effect 
of  the  geometrical  factor  is  weak,  which  supports  the 
first  hypothesis.  Note  that  equations  considered  in  [3] 
are  not  very  different  from  those  in  the  framework 
of  which  the  normal  spots  on  glow  cathodes  can  be 
described:  both  sets  of  equations  include  the  Poisson 
equation  and  the  equation(s)  of  continuity  of  mobility- 
dominated  flux  of  the  charge  carriers.  This  also  con¬ 
forms  to  the  first  hypothesis. 

The  aim  of  this  contribution  is  to  perform  the 
bifurcation  analysis  of  the  corona  discharge  on  a  neg¬ 
ative  electrode  and  to  find  out  on  the  base  of  this 
analysis  whether  the  current-free  strips  appear  due  to 
current  contraction  or  due  to  the  specific  discharge  ge¬ 
ometry.  A  procedure  is  similar  to  that  applied  in  [4] 
to  the  problem  of  the  normal  current  spot  on  a  glow 
cathode. 


2.  The  model 

We  consider  the  computational  model  of  a  neg¬ 
ative  corona  discharge  in  air  at  atmospheric  pressure 
suggested  in  [3,5].  The  model  is  based  on  a  steady- 
state  description  of  the  discharge  and  is  simple  enough 
to  be  tractable  in  multidimensional  situations.  In 
brief,  this  model  may  be  described  as  follows.  It  is  as¬ 
sumed  that  ionization  of  neutral  particles  is  localized 
in  a  thin  active  zone  adjacent  to  the  corona  cathode 
surface.  The  positive  ions  drift  to  the  surface.  The 
electrons  attach  rapidly  to  molecules  to  form  negar 
tive  ions  which  leave  the  active  zone  and  drift  to  the 
grounded  electrode.  The  plasma  outside  the  active 
zone  is  described  by  the  conventional  system  of  equa¬ 
tions  (e.g.,  [6])  consisting  of  the  Poisson  equation,  the 
equation  of  cmrrent  continuity,  and  Ohm’s  law 

€oAy)  =  en_,  V-j  =  0,  j  = -e/r_n_Vi^.  (1) 

Here  n_  and  are  the  number  density  and  the  mo¬ 
bility  of  the  negative  ions,  other  designations  are  con¬ 
ventional. 

Boundary  conditions  for  these  equations  are 

(p  =  -U,  en_  =  cq;  p  =  0;  =  0.  (2) 

The  first  and  the  second  boundary  conditions  apply 
to  the  edge  of  the  active  zone,  the  third  one  apphes  to 
the  surface  of  a  (grounded)  outer  electrode,  and  the 
last  one  to  an  insulating  part  of  the  iimer  surface  of 
the  discharge  tube;  U  is  the  voltage  applied  to  the 
corona  cathode,  c  is  a  given  constant,  and  a  is  the 
effective  ionization  coefficient  (a  —  a  —  r/,  where  a 
and  T)  are  the  ionization  and  attachment  coefficients, 
respectively)  considered  as  a  given  function  of  the  lo¬ 
cal  electric  field.  The  first  condition  implies  that  a 
voltage  drop  in  the  active  zone  is  neglected  as  com¬ 
pared  to  the  total  voltage  applied.  The  second  condi¬ 
tion  accounts  in  an  approximate  way  for  production 
of  cheuge  carriers  in  the  active  zone  and  is  central  in 
the  model  [3,5].  Supposing  that  the  thickness  of  the 
active  zone  is  much  smaller  than  dimensions  of  the 
corona  cathode,  one  can  assume  in  calculations  that 
the  first  and  the  second  boundary  conditions  apply  to 
the  cathode  surface. 

3.  Bifurcation  analysis 

We  proceed  within  the  frarnework  of  the  assump¬ 
tion  that  the  current-free  strips  appear  due  to  current 
contraction,  i.e.,  that  the  first  hypothesis  described  in 
the  Introduction  is  correct.  This  means  that  the  geo¬ 
metrical  factor  is  not  decisive  and  the  considered  prob¬ 
lem  has  a  solution  describing  the  regime  with  a  more 
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or  less  uniform  current  distribution  over  the  cathode 
surface,  and  one  or  more  solutions  describing  regimes 
with  the  current  contraction  (with  the  current-free 
strips). 

In  the  simplest  case,  one  can  completely  exclude 
the  geometric  factor  by  considering  a  cylindrical  or 
spherical  geometry.  For  definiteness,  we  shall  con¬ 
sider  the  cylindrical  geometry,  i.e.,  assume  that  the 
discharge  tube  consists  of  two  concentric  cylindrical 
electrodes  and  the  insulating  ends.  The  regime  with  a 
uniform  current  distribution  over  the  cathode  surface 
is  described  by  a  one-dimensional  solution  ip  =  ip(r), 
and  solutions  describing  regimes  with  the  current  con¬ 
traction  are  multidimensional:  <p  =  <p(r,9,z).  Thus, 
the  hypothesis  that  the  current-free  strips  appear  due 
to  current  contraction  amounts  to  the  claim  that  the 
problem  (1),  (2)  in  the  cylindrical  configuration  has 
one-  and  multidimensional  solutions  simultaneously. 

In  accordance  to  the  results  of  [7, 8] ,  it  is  natural 
to  assume  that  regimes  with  the  current  contraction, 
if  they  exist,  under  variation  of  the  voltage  continu¬ 
ously  join  the  regime  with  a  uniform  current  distribu¬ 
tion  over  the  cathode  surface.  In  mathematical  terms, 
this  means  that  the  one-dimensional  solution  has  bi¬ 
furcation  points  in  which  multidimensional  solutions 
branch  off.  Thus,  one  should  find  the  one-dimensional 
solution  and  carry  out  its  bifurcation  analysis. 

The  one-dimensional  solution  of  the  problem  (1), 

(2)  in  the  cylindrical  geometry  is  well-known  (e.g.,  [9] 
and  references  therein).  Designate  by  [fg  and  by 
<Po  (r),  respectively,  a  value  of  the  applied  voltage  and 
a  distribution  of  the  electrostatic  potential  that  cor¬ 
respond  to  one  of  the  bifurcation  points.  Represent 
solutions  in  the  vicinity  of  this  point  (i.e.,  for  if  close 
to  Ug)  in  the  form  (p(r,0,z)  —  (pg(r}  -f  ■>p(r,0,z). 
In  the  vicinity  of  the  bifurcation  point  function  tJj  is 
small  and  the  problem  may  be  linearized.  A  linear 
non-horaogeneous  boundary-value  problem  appears, 
non-homogeneity  being  introduced  by  the  difference 
U  —  Ug.  Since  this  problem  describes  the  vicin¬ 
ity  of  a  bifurcation  point,  its  solution  must  be  non¬ 
unique.  This  means  that  the  corresponding  homoge¬ 
neous  problem  also  has  a  non-unique  solution,  i.e.,  is 
degenerate.  After  separation  of  variables,  one  gets  an 
eigenvalue  problem  for  an  ordinary  differential  equa¬ 
tion  of  the  third  order  describing  the  radial  part  of 
this  solution,  Ug  being  an  eigenvalue. 

This  problem  was  solved  numerically  in  the  fol¬ 
lowing  way.  A  finite  difference  scheme  of  the  fourth 
order  of  accuracy  was  applied.  The  determinant  of 
the  resulting  system  of  linear  algebraic  equations  was 
evaluated  by  means  of  the  variant  of  the  Gaussian 
elimination  technique.  Such  an  evaluation  was  made 
for  a  given  geometry  of  the  discharge  and  for  vary¬ 
ing  Ug.  A  change  of  sign  of  the  determinant  would 
indicate  passing  through  a  bifurcation  point. 

Calculations  have  been  performed  in  the  range 
of  Ug  of  up  to  200  kV.  The  geometrical  parameters 


were  chosen  similar  to  those  of  [3]:  the  radius  of  the 
corona  cathode  was  taken  equal  to  3  mm  or  to  15  mm, 
the  radius  of  the  grounded  anode  was  15  cm,  and  the 
height  of  the  discharge  tube  was  15  cm.  Five  modes 
were  taken  into  account  in  each  of  the  directions  6,  z 
(i.e.,  bifurcation  points  were'sought  in  which  first  24 
harmonics  branch  off). 

No  change  of  the  determinant  sign  was  detected 
in  the  whole  range  of  conditions  studied.  In  other 
words,  bifurcation  points  are  absent,  which  indicates 
that  multidimensional  solutions  probably  do  not  exist. 

4.  Concluding  remarks 

The  performed  analysis  shows  that  there  are 
no  bifurcation  points  on  the  one-dimensional  steady- 
state  cylindrically  symmetric  solution  obtained  in  the 
framework  of  the  model  [3, 5]  of  the  corona  discharge. 
This  indicates  that  regimes  with  the  current  contrac¬ 
tion  probably  do  not  exists  in  the  framework  of  the 
considered  model.  One  can  conclude  that  the  current- 
free  strips  on  the  corona  cathode  surface  appear  due 
to  the  specific  discharge  geometry  rather  than  due  to 
the  current  contraction.  The  fact  that  the  weak  ge¬ 
ometrical  factor  can  produce  a  finite  effect  is  proba¬ 
bly  explained  by  the  strong  dependence  of  the  current 
density  at  the  corona  onset  on  the  local  electric  field. 
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l.Introduction 

An  examer  lamp  is  an  important  UV  light 
source  for  photochemical  technologies  [1,2].  One  of 
the  efiDdent  large  volume  stable  discharges  for 
obtaining  high  power  uv  light  is  barrier  cSscbaiges 
[2]. 

In  this  article,  a  simulation  is  presented, 
the  goal  of  which  is  to  understand  the  discharge 
characteristics  (  e.g.,  spatio-temporal  evolution  of 
the  electron  and  exdmer  (xenon  dimer) 
concentrations,  electric  field,  and  efiSdency  of  the 
UV  output)  in  LF  (low  frequency)  Xe  plasma 
discharges  between  the  dielectric  barrier  electrodes. 


2.  Model 

Fig.l  is  the  electrode  configuration  for  this 
work.  The  electron  swarm  parameters  used  in  the 
simulation  are  calculated  using  the  Boltzmann 
equation.  Using  these  parameters  the  concentrations 
of  electrons  and  ions  are  calculated  by  the  following 
equations  as,  for  electrons 


and  for  ions. 


<?n 


d! 


s+j  f^r+J^+J  +OZ,+.y- 


: 


dx 


{j  :  Xe+.  Xe2+) 

Here,  the  Sg  and  Di+j  arc  written  as  functions  of 
the  electron  energy  determined  by  an  energy 
conservation  equation  for  electrons. 

The  local  field  E(x,t)  is  a  sum  of  the 
external  field  Egx  and  space  charge  distorted  field  Ein 
as 


Eix,t)  =  £«.(0  +  Ei„(.x,t) 

Ein(x,t)  is  found  by  solving  the  following  equations. 


div/)  =  p,  D  =  eE  ,  E  =  -gradK 

The  charges  accumulated  on  the  ground  and 
the  powered  electrode  are  calculated  by  time 
integrating  the  flux  of  electrons  and  ions  incident  on 
the  electrodes.  The  charges  on  the  barrier  surface  are 
assumed  to  recombine  only  when  hetero-charges 
arrive. 

The  discharge  current  ig  is  written  as ' 


Here  S  is  the  electrode  area. 

The  reaction  processes  among  electrons, 
ions,  ground  state  and  exdted  neutral  species  are 
taken  from  [3-5|.  Particularly  important  processes 
are  for  generation  and  extinction  of  Xe2*.  We  use 
the  following  processes  [4,5], 

Xe*„-i-  2Xc^Xe2*(llu+)  +  Xe  ;  1.7x10“  cm*/s 
Xe*„-t-  2Xe^Xe2*(3Eu+)  +  Xe  ;  3.0xl0“cm‘/s 
Xe*,  -I-  2Xe  -♦Xe2*(l2:u+) 

or  Xe2*(3lu'*')  +  Xe  ;  3.7xl0-“cm*/s 
Xe**  +  2Xe  ->Xe2*(llu+) 

or  Xe2*(35:u+)  +  Xe  ;  1.0xl0’'cmVs 
Xe2*(l2u+)  -*’2Xe  +  hv(172nm)  ;  5.5ns 
Xe2*(32u+)  -^2Xc  +  hv(172nm) ;  100ns 

For  our  statrdard  case,  the  Xe  pressure,  pQ, 
is  SOTorr,  arxl  the  fiequency  arxl  peak  values  of  the 
power  source  are  lOOkHz  and  6.375kV  respectively. 


3.  Results  and  discussion 

Fig.2  contains  the  discharge  voltage  Vg 
and  current  ig,  and  power  voltage  Vs  waveforms. 
The  phase  of  ig  coincides  with  that  of  Vg,  though 
the  phase  shift  between  Vg  and  Vs  is  seen  by  nil 
due  to  presence  of  the  dielectric  barriers. 

The  electron  arxl  ion  concentration  in  the 
discharge  bulk  is  found  to  be  an  order  of  10“cm’^. 

The  E  at  the  cathode  is  cnharKed  up  to  800 
V/cm,  while  the  anode  side  is  200V/cm  as  shown  in 
Fig.3.  As  the  result  of  the  E  enhancement,  the 
electron  temperature  at  the  calhodb  side  is  around 
4eV  compart  to  the  anode  side  value  of  2eV  and  the 
bulk  value  of  IcV.  Because  of  this,  the  net 
production  rate  of  excimer  Xc2*  is  high  in  the 
region  ar^acent  to  the  cathode,  while  bythe  anode  it 
is  negative  as  shown  in  Fig.4. 

The  Xe2*  concentration  in  the  near¬ 
electrode  region  (1mm  thickness)  is  significantly 
high  as  shown  in  Fig.5  because  of  the  high  electron 
temperature  brought  by  the  high  field. 

In  this  model  the  a  production  efficiency  of 
excimer  light  (172nm)  is  around  1.5%,  which  seems 
reasonable  since  the  value  is  10%  at  atmospheric 
.prc5sure[6]. 

4.  Conclusion 

For  the  present  simulation  condtiorrs,  the 
excimer  Xe2*  were  mainly  produced  in  the  near- 
electrode  region  (1mm),  and  the  efficiency  of  eximer 
production  was  around  1.5%. 
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Fig. I  Electrode  configuration  and  external  dreuit. 
The  electrode  distance  is  rfclOmm.  The  thickness  of 
dielectric  barriers  are  d^i=<^=lmm  and  their 
dielectric  constant  €rl=*r2='*-  r4=8mm.  Vj  has 

an  amplitude  of  6375kV  and  f=100kHz. 


Fig.2  Waveforms  forF^,  ig  and  V^. 


Fig.3  Spatio-temporal  evolution  of  the  electric  field 
E(xt). 


net  production  rate(exciiner)  [cin'V*] 


Fig.4  Spatio-temporal  evolution  of  the  net 
generation  rate  of  Xe2*. 


Fig.5  Spatio-temjxrral  evolution  of  the  Xe2* 
concentration. 
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1.  Introduction 

Plasma  display  panel(PDP)  discharges  have  been 
studied  for  dc  type  with  electrodes  and  for  ac  type 
which  is  similar  to  barrier  discharges.  Modeling  were 
made  for  both  types[l],[2].  One  of  problems  of  present 
PDPs  is  that  efRciency  is  as  low  as  about  1%.  Here, 
efficiency  of  UV  radiation  is  defined  as  the  ratio  of  the 
intensity  ofXI  V  radiation  on  the  electrode  to  the  input 
power  per  unit  area.  Higher  efficiency  will  increase 
brightness  of  the  panel  and  will  make  the  life  time 
longer.  The  distribution  of  electrons  in  the  present 
PDP’s  is  the  same  as  the  one  in  a  usual  dc  glow  dis¬ 
charge;  a  few  but  liigh  energy  electrons  in  the  cathode 
region  and  many  but  low  energy  electrons  in  the  re¬ 
gion  near  the  anode.  The  latter  is  unable  to  excite 
atoms.  An  idea  to  begin  the  present  study  is  that 
how  can  one  energize  low  energy  electrons.  If  the  po¬ 
larity  of  the  applied  voltage  is  reversed,  low  energy 
electrons  in  a  dc  PDP  may  be  energized.  The  present 
ac  PDP  is  differnt  from  this  situation;  in  an  ac  PDP 
wliidi  has  a  dielectric  layer,  the  polarity  is  reversed 
after  the  discharge  current  ceases.  Our  PDP  has  two 
metal  electrodes  and  a  rectangular  pulse  voltage  is  ap¬ 
plied.  After  a  half  period,  the  applied  voltage  reverses 
its  sign  with  the  same  amplitude.  The  applied  volt¬ 
age  clnmges  its  sign  succesi  vely  in  this  way.  Numericcil 
study  of  this  PDP  cell  is  described  in  the  following. 

2.  an  ac-PDP  cell  with  metal  electrodes 

We  study  the  same  PDP  cell  as  the  one  studied  in 


[1]  except  the  applied  voltage.  The  woking  gas  is  He- 
Xe  mixture  of  200Torr  including  10%  of  Xe.  The  elec¬ 
trode  distance  is  200  iim.  The  one-dimensional  model 
dscribed  in  [l]  was  used  to  analyze  the  discharge.  Fol¬ 
lowing  pulse  voltage  was  used:  amplitude  wsis  160V 
and  the  pulse  width  was  50ns  for  both  positive  and 
negative  pulses.  The  discharge  weis  maintedned  when 
an  appropriate  value  of  initial  ion  density  was  chosen. 
U  the  dc  voltage  was  applied,  218V  was  necessary  be¬ 
tween  the  electrodes  to  maintain  the  discharge.  After 
50  cycles,  change  in  the  discharge  current  was  less 
than  1%  in  the  next  cycle. 


Fig.  1  Current  density  -  and  UV  radia¬ 
tion  intensity - -  .  The  symbol  dc  stands  for 

the  case  of  dc  voltage  of  218V. 

Figure  1  shows  the  discharge  current  density  and  UV 
radiation  intensity  on  an  electrode  during  a  puke. 
UV  radiation  was  almost  constant.  Values  for  dc  dis¬ 
charge  voltage  of  218V  were  also  given  in  Fig.  1.  The 
larger  current  for  the  puke  case  gives  larger  UV  radi- 
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ation  intensity  than  the  dc  case.  The  efficiency  of  UV 
radiation  during  a  pulse  was  calculated.  This  value  is 
1.5%  which  is  only  slightly  larger  than  the  value  for 
the  dc  case  of  1.3%. 


t=:50ns -  .  Electric  field  for  dc  case  is  also 

given - . 


Figure  2  shows  the  electric  field  distribution  in  the 
cell.  The  cathode  layer  becomes  thick  with  increase 
in  time  and  electrons  are  driven  inward. 


Fig.  3  Density  distributions  in  the  cell  at  t=:5us. 

Electron - ,  xenon  atomic  ion - 

and  total  ion -  . 


Fig.4  Density  distribution  in  the  cell  for  the  dc 
case.  Marks  have  the  same  meaning  as  in  Fig.  3. 
Figures  3  shows  density  distributions.  High  density 
plasma  region  exists  in  the  central  region  and  the 
maximum  density  is  two  orders  of  magnitude  larger 
than  the  dc  case  which  is  shown  in  Fig.  4. 

3.  Conclusion 

For  the  ac  pulse  case  studied  here,  the  UV  radia¬ 
tion  efficiency  was  almost  the  same  as  the  dc  case. 
However,  if  we  use  smaller  pulse  amplitude,  efficiency 
may  increase.  It  is  neccesary  to  search  the  most  fitted 
parameters  for  the  ac  pulse  operation. 
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INTRODUCTION 

An  experimental  and  theoretical  study  was  carried  out 
into  the  dynamic  behaviour  of  the  electrical 
characteristics  of  standard  T8  fluorescent  lamps  under 
high-frequency  operation.  The  development  of 
sophisticated  electronic  ballasts  to  operate  fluorescent 
lamps  requires  a  profound  knowledge  and 
understanding  of  the  electrical  characteristics  including 
not  only  the  static  but  also  the  dynamic  (transient) 
aspects.  In  particular,  to  reduce  the  development  time 
for  electronic  ballasts  a  reliable  electrical  model  of  the 
lamp  is  required  in  order  to  make  possible  the  use  of 
advanced  circuit  simulation  programs.  The  aim  of  the 
present  work  is  to  create  a  fluorescent  lamp  model  that 
can  be  exploited  for  simulations  of  the  lamp  in 
electronic  ballasts. 


CONCLUSIONS 

A  three  level  collision  radiative  model  was  developed 
which  is  capable  to  describe  the  main  dynamic  features 
of  T8  standard  fluorescent  lamps  including  the  time- 
scales  of  the  transient  phenomena.  Using  this  model  the 
hysteresis  in  the  high-frequency  I-V  characteristics  can 
be  explained  as  a  time  and  phase  lag  of  the  electron 
temperature  behind  the  electric  field. 
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EXPERIMENTAL 

With  the  help  of  a  frequency  variable  high-voltage 
power  supply  in  combination  with  a  near-resonant  LCR 
circuit  fast  positive  or  negative  discrete  changes  can  be 
put  on  the  high-frequency  electic  lamp  current  resulting 
in  nearly  immediate  positive  or  negative  responses  in 
the  value  of  the  high-frequency  lamp  voltage.  In  the 
steady  state  the  high-frequency  voltage-current 
characteristic  shows  the  familiar  non-linear  behaviour 
with  a  certain  degree  of  hysteresis  [1]  where  the  voltage 
lags  somewhat  behind  the  current.  See  Figure  1,  the 
familiar  Lissajous  type  characteristic.  The  behaviour  of 
the  I-V  characteristic  under  a  fast  drop  the  electric 
current  can  be  described  as  a  superposition  of  about  70 
Lissajous  figures  moving  in  clock-wise  direction,  see 
Fig.2.  In  a  similar  way,  a  fast  increase  in  lamp  current 
can  be  described  as  a  superposition  of  about  10 
Lissajous  figures  moving  in  counter  clock-wise 
direction. 


LAMP  MODEL 

A  three  level  collision  radiative  model  of  the  discharge 
lamp  was  developed  which  includes  the  mercury  ground 
state,  a  combined  excited  state  and  the  mercury  ion 
state.  This  model  appears  to  be  capable  to  describe  the 
dynamic  features  of  the  fluorescent  lamp  in  a 
quantitative  way,  see  Figure  3  for  the  dynamic  I-V 
behaviour  after  a  sharp  current  decrease. 
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Fig.  1.  Experimental  voltage/current  relation  within  the 
high  frequency  period:  the  Lissajous  curve; measured  at 
room  temperature,  f=  96  kHz  and  1  =  455  mA. 


Fig.  2.  Experiment:  time  development  of  Lissajous  curves, 
after  current  step-down;  Ihe/ore  ~  ^55  mA,  =  155  mA. 


Fig.  3.  Model:  time  development  of  Lissajous  curves, 
after  current  step-down;  =  455  mA,  -  155  mA. 
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Interest  to  the  plasma  electro-magnetic  fields  and 
particles  radiating  sources  increased  in  the  last  years 
because  of  wide  vistas  of  its  applications  in  many 
spheres  [1],  One  of  the  variants  of  such  sources  is  given 
in  [2],  In  the  present  work  we  give  the  result  of  the 
researches  of  micro-plasma  source  of  radiation  (MPSR). 
The  size  and  form  of  electrodes  were  usual  for  high- 
pressure  discharge  pre-ionizing  sources  [3]. 

Gas  entered  the  inter-electrode  gap  by  the  nozzle  in  the 
form  of  needle,  that  was  the  anode.  If  the  pressure  on 
the  enter  was  higher  than  atmospheric  pressure, 
discharge  came  out  on  the  outlet  of  nozzle.  Plasma 
formation  had  a  form  of  small  sphere  on  the  end  of 
sharpened  anode.  MPSR  scheme  and  micro-plasma 
formation  photo  are  given  on  the  fig.l. 


Fig.l  Construction  of  MPSR.  1 -cathode  1,2-nozzle- 
anode,  3-cathode  2, 4-micro-plasma  formation  photo 

The  investigations  were  made  in  helium  under  the 
pressure  1,1  -  1,3  Atm.  Typical  volt-ampere  characteris¬ 
tic  is  given  on  the  fig.2. 


0  10  20  30  40  50  I,  mA 

Fig.2  Volt-ampere  characteristic  MPSR. 

The  photos  of  micro-plasma  formation  were  made  using 
microspectrographic  installation.  Figure  3  depicts  the 
result  of  spatial  distribution  of  intensity  for  the  line 
388,9  nm  (Hel),  Local  values  of  intensity  are  derived 
through  Abel  transformation  [4].  The  dependence  of 
distribution  width  (level  0,1)  from  discharge  current  is 
given  on  the  fig.4. 


Fig.3  Intensity  distribution  by  MPSR  radius. 
A.=  388,9  nm,  P=l,l  Atm,  I=20mA 
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0  10  20  30  40  50  60  I,niA 

Fig.4  The  dependence  of  distribution  width  (level  0,1) 
from  discharge  current.  X=  388,9  nm,  P=!,l  Atm 

Spectral  researches  of  MPSR  revealed  the  number  of 
lines  corresponding  to  transfers  in  spectra  Hel  and  Hell. 


Hel  -  ns  'So 

-  2p‘P, 

(n  =  3- 13) 

np  'P, 

-  2s 'So 

(n  =  3  -  20) 

nd  ‘Dj 

-  2p‘P, 

(n  =  3-  18) 

ns  ’S| 

-  2p*Pj 

ii 

e 

np  *Pj 

.  2s  *S, 

(n  =  3-  11) 

nd  *Dj 

-  2p*Pj 

(n  =  3-  12) 

Hell-  nfV 

-  3d^D 

(n  =  4  -  6) 

We  measured  the  absolute  intensities  of  lines  and 
determined  populations  of  helium  atoms  excited  states 
in  micro-plasma.  For  atoms  with  n  =  3  -  4  values  of 
populations  are  lO’^-lO^cm'^  Integraj  brightness 
estimated  by  seeing  spectrum  range  -  5  -  !  0^  kd/m^.  The 
electron  temperature  was  estimated  by  ratio  of  line  Hel 
(492,1  and  471,3  nm).  The  discharge  current  being 
10  mA  Tj  =  (7  +  3)eV,  electron  consentration  - 
5  ■  lO'^  cm  ^  Power  density  applied  to  micro-plasma 
formation  is  -  10*  W/cm*. 

In  the  poster  presentation  caracteristic  experimental 
results  for  the  different  conditions  are  discussed  in  more 
detail. 
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Nowadays  in  accordance  with  the  latest 
achievements  in  the  plasma  electronics  field  much 
attention  is  paid  to  the  investigations  of  plasma-beam 
discharges  stability  in  respect  to  electromagnetic 
excitation.  The  given  paper  deals  with  the  results  of 
examination  of  electromagnetic  instability  excitation  in 
low-voltage  plasma  beam  discharge  (LVPBD)  at 
pressure  10-10“'  Pa  in  external  longitudinal  magnetic 
field  of  finite  value.  As  in  papers  [1,2]  we  have 
examined  the  model,  in  which  the  axial  symmetry 
shaped  discharge  of  p  -radius  and  L  length  is  ignited 
within  cylinder  shaped  electroconducting  channel  of  R 
radius. 

The  research  of  instability  process  was  carried  out  by 
analyzing  Maxwell  equations  system  in  cylindrical 
coordinates  at  the  boundary  conditions: 
E.(p)-E^(P)=E,(p)-E^(p)=B,(p)-B„(p)=B,(p)-^(p)=0; 
Ez.(R)=E,p,(R)=0  for  p<R  ,  and  E2(p)=0  for  p=R 
For  the  finite  external  magnetic  field  dielectric 
properties  of  LVPBD  plasma  for  r^  p  are  characterized 
by  permittivity  tensor  operator  Sij: 

^  =1 _ ■ 

‘  "  "  (0[{(0  +  iv,Y  -Cl]] 

ml  (a  -  -K^u  +  iv^) 

m^[im-K,u  +  iv^f  -n.']  ’ 


"  "  1  mlim-K^u)Cl^ 


m^\im-K,u  +  iVi,f 


"  m^iim-K,u+iy^y  -n]]a-  *  a-’ 

A  1 
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r3- 

g  ^ ^  ^ 
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where  r,(p,z  -  cylindrical  coordinates;  u  -  directed  beam 
electron  velocity;  Ve  ,vik-  collision  frequencies  of 
thermal  and  beam  electrons  with  plasma  particles;  cOe 
and  De  -  plasma  and  cyclotron  electron  frequencies; 
K3=Kz  -  wave  vector  along  Z  axis. 

As  it  was.  shown  before  [1],  axially  symmetric  waves 
(d/d(p=0)  arc  the  most  unstable.  That  is  why  LVPBD 
instability  research  is  carried  out  for  axially-symmetric 
field  excitations  taking  into  account  the  fact  that  their 
components  depend  on  coordinates  and  time 
44(r,/)  =  44(r)exp[(-(KjZ-£o/)j .  Taking  into  account 
(1)  and  the  following  LVPBD  parameters  values- 

fflb</«>c^l0'^;  Oe»  Ve,Vb«;  f2e<<Be;  P=V/C«1(V=Co/K3  - 

phase  velocity)  the  calculations  of  Maxwell  equations 
results  in  the  following  dependencies  for  field 
components  after  great  simplifications  at  Cerenkov 
resonance((a»K3U) : 

'  X,  K,  ‘  ’  JMsP)' 

E  =  -5- i;5.4  B,  =  -iKe±^^^^  (2) 


where  Jj(x)  -  Bessel  functions  (i=0,l),  A^Jo(k3p)  (s=l,2) 
-  integration  constants,  K=ro/c  -  vacuum  wave-number. 
Maxwell  equations  solutions  for  fields  components  out 
of  LVPBD  (pSr<R),  satisfying  the  boundary  conditions 
at  the  conduct  cylindrical  surface,  are  as  follows: 

E’  \b‘ = 

'  ^  A„(/7)  ’  ^  ^  A„(P)  ’ 


^  ^  A„(p) 

rx  A  (r)  ix  A  (r) 

\e:= - ^C;  \bI-- - -  (3) 

'  c  A„ip)  '  c  A^ip) 

_  Aoo(r)  ^  ^  A  p)  (x)  ^  ^ 

'"Appfp)  ’  '  Ap,(p)  ; 

where  B,C  -  integration  constants;  f  ^  =  k]  -  ; 

A.  =  K.(Cr)l^{CR)  -  (- ;  /,  U  K,  - 
modified  Bessel  functions  of  the  first  and  second  kinds 
of  i-th  order. 

Using  fields  components  (2,3)  and  mentioned  boimdaiy 
conditions,  the  dispersion  equation  for  unlimited  along 
Z  axis  LVPBD  is  obtained: 

(^,+z,)(j,.+«.z.)  f.- 

iZn  and  iZe  -  H  and  E  waves  impedances; 
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/f ,  2  =  /}  ±  “  -^2  ■  transverse  wave-number; 

^  ~ ^ ^ ^ “ '^O “ ’ 

For  slow  waves  (P«l),  co:^e,  and  LVPBD  small 
parameters  values  mentioned  above  the  dispersion 
equation  (4)  for  E-waves  will  be  as  follow  after  same 
simplifications: 

( iz5£.l ^  rsi 

V  -^,£,  J  Jy{K,p)  A,„(p) 

H-waves  don't  interact  with  beam  electrons  [1,2], 

For  electromagnetic  wave  with  ci)<De  from  (1)  one  may 
concluded,  that  |eie3|»l  and  equation  (5) 
approximately  satisfied,  if  |Ji{Kip)|«l,  i.e.  K\=X\p/p, 
where  Xip  is  a  p*''  root  of«quation  Ji(x)=0.  Submitting 
this  value  ki  and  components  8i  and  83  from  (1) 
(because  of  negligibly  small  values  v*  and  Vb.  are 
ignored)  into  the  expression  for  ki^=-83(k3^-28iK^+kV£i 
the  following  equation  is  obtained  : 

+  (6) 


’  co^+nl-w^ 


=  0,  where 


Y  =  -\  q  =  - 

c 


«  1 - 5- 

V  <u.> 


(co!-co^)p^ 


Solving  equation  (6)  by  perturbation  theory  method 
because  of  q«l  (ai«coe)  in  a  zero*  approximation 
(q=0)  the  following  is  obtained: 

_  (7) 

^  {m:+n]-(o%2  +  N^) 

For  the  first  order  perturbation  theory  we  suppose 
P=Po+5  (5«Po;because  of  Cerenkov  resonance  co»K3U 
and  Po«u/c=y)  and  series  expansioning  equation  (6), 
find  amendment  values: 


2  +  A'’)  "  2 


2(2  +  A'’)  ’  2  ]j  2(2  + Ny 

By  the  definition  of  p  value  the  expressions  for  the 
numbers  x"’  in  LVPBD  are  found  (i=l, 2,3,4) : 

I  P(2  +  V=)J’ 


1 


x!“1 1+- 


2-\|2{2  +  V') 


(1+V3) 


The  expression  (8)  show,  that  three  waves  with  x,' 


propagate  along  Z  axis  being  accompanied  by  beam 
electrons  and  hence  they  interact,  and  the  fourth  wave 
travels  in  the  opposite  direction  and  doesn't  interact 
with  beam  electrons.  In  this  case  the  wave  with  xf* 


amplifies,  wave  with  x®  decays  and  waves  with  x,'  ''’ 
remain  neutral.  So  the  solutions  (8)  show  the  existence 
of  instabilities  in  disturbance  field  wave  in  LVPBD. 

In  accordance  with  [1],  expression  (8)  and  reflection 
coefiBcient  x(®)  “  cross  section  Z=L  for  limited 
LVPBD  the  oscillation  spectrum  can  be  calculated 

((B=a)+CB*): 


The  condition  for  the  development  of  instability  in 
LVPBD  ((i)'>0)  may  be  written  as  threshold  current 
density  of  beam  electrons: 


where  m  ,  e  -  mass  and  charge  of  electron;  eo  - 
permittivity  of  free  space. 

When  compared  the  threshold  current  (9)  with  the 
same  value  for  heavy  magnetized  LVPBD  [1,2],  the 
following  expression  can  be  obtained  v=(i)c^np^/p^\^ , 
where  noi=2,4  -  for  a  metal  channel  completely  filled 
with  plasma,  and  noi=3,83  -  for  a  channel  partially 
filled  with  plasma.  Let's  estimate  the  relation  x  for  top 
meanings  of  LVPBD  parameters:  u=310*[cm/s]; 
p=l[mm];  n=10'‘’[cm'^] . 

The  calculation  results  in  x  =7,6  10^  .  It  shows,  that  to 
develop  the  instability  of  limited  LVPBD  in  the  finite 
external  magnetic  field  Bq  the  current  density  should 
be  X  times  more  then  in  magnetized  LVPBD.  Hence  the 
intensity  of  excited  waves  increases  respectively. 
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As  far  as  range  of  problems  on  plasma  flow 
interactions  with  magnetic  fields  is  widen,  it  becomes 
more  clear  that  the  indispensable  attribute  of  these 
processes  are  particle  oscillation  [1,2],  This  paper  is 
devoted  to  the  influence  of  substantial  gradients  of 
directed  electron  velocities  on  the  growth  increments  of 
HF  oscillations  in  plasma  flow  interacting  with  the 
transverse  magnetic  field. 

Consider  a  plasma  flow  along  X-axis  which  is 
orthogonal  to  the  external  magnetic  field  B  directed 
along  Z-axis  (Fig.  1). 


Fig.l. 

At  the  flow  entrance  into  the  magnetic  field 
the  Lorentz  force  leads  to  charges  separation  and 
polarization  field  component  Ey  appearance.  Consider 
plasma,  in  which  ordy  electrons  are  magnetized,  i.e. 


a»v.i»ai  (1), 

where  Qe  and  Q;  are  electron  and  ion  cyclotron 
frequencies.  According  to  inequality  (1),  when  flow 
enters  the  magnetic  field  electrons  are  so  to  say 
"clinking"  to  the  magnetic  force  lines,  whereas  ions  are 
moving  along  X-axis  by  inertia.  As  a  result  (and  due  to 
the  drifts,  leading  to  polarization  disappearance)  the 
longitudinal  electric  field  component  E*  arises  in  the 
plasma  flow.  This  component  is  directed  opposite  to 
plasma  flow  motion. 

Consider  the  cool  plasma  is  fully  ioiuzed,  the 
phase  velocity  of  HF  waves  exceeds  the  thermal 
electron  and  the  directed  velocities  co/k  »vxe,  Ua° ;  the 
electron-ion  collision  fi-equency  is  less  than  the 
electromagnetic  oscillation  frequency  o)»Vei  ;  all 
parameters  describing  plasma  have  stationary  A°  and 
varying  A“  components:  A=A®+A~  at  A®»A~  and 
A~=Amexp[i(Kr-fflt)];  HF  field  does  not  influence  ions  in 


fact  because  of  their  great  mass  inertia  as  compared  to 
electrons. 

The  dispersion  equation,  describing  plasma 
oscillations  for  such  model  will  be  obtained  by  the  set 
of  linearized  electro-magnetic  gasdynamic  equations. 


icml  +  div(M,'  Ul  +  n~  t/, )  =  0; 

-iau: +(u"v)U:  +(n:v)ul  = 


m 


m 

dB 


u:  ■ 


lotE  =  - 

dt 

f  =-e{n:u:+n:u:). 


—  dD  - 

rotH  — +7 

dt  ^ 


(2) 


Further  we  shall  assume  that  the  stationary 
value  of  particle  velocity  and  its  gradient  have  the  only 
component  directed  along  the  X-axis.  We  shall  assume 
also,  that  electron  motion  is  determined  mainly  by  the 
electric  fields  orthogonal  to  external  magnetic  field.  It 
allows  to  simplify  the  set  solution  significantly  without 
changing  the  task  qualitatively. 

Expanding  the  determinant  and  solving  the 
equation  obtained  relative  to  s=kV/co^,  we  obtain 
dispersion  equation  for  the  waves,  propagating  along 
the  magnetic  field: 


^  ^  col  '  {o±n,){co\-n])  ^ 

a  (d 

00  +2co\lv^+V^V,)\ 


(3) 


The  same  dispersion  equation  one  can  be 
obtained  for  discharge  with  current,  external  magnetic 
field  and  wave  vector  directed  along  the  plasma  column 
(Z-axis)  in  cylindrical  coordinates  (Fig.2.) 
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taking  into  account  only  r  and  Z  stationary 
components  of  electron  velocity: 


u: 


dU° 


and  U' 


dUl 


dr  ”  dz 

The  pennittixaty  s  is  complex  value,  in  which 
the  real  part  determines  intensity  of  the  polarization 
process,  while  the  imaginaiy  part  characterizes  the 
conductivity  current  density.  In  the  general  form  e  is 
connected  with  the  conductivity  a  by  the  following 


relation;  s=l+iCT/s»co. 

It  is  seen  from,  equation  (3),  that  the 
imaginary  part  of  permittivity  e,  determining  the 
plasma  conductance,  becomes  negative  when  the 
gradient  of  particles  directed  velocity  appears  to  be 
negative  and  also  when  the  gradient  of 

absolute  value  is  greater  than  the  double  value  of 
eleetron-ion  collision  frequency : 


|v,u;|>2v,,  (4) 


The  stability  analysis  of  a  fluctuating  plasmoid  in 
different  plasma  devices  is  evidence  of  electron  velocity 
gradient  value  realization  sufficient  for  canying  out 
this  condition. 

If  real  values  of  the  wave  vector  k  correspond 
to  the  complex  values  co=coi+iY  (dispersion  equation  (3) 
describes  this  very  case)  then  the  convective  instability 
takes  place  in  the  system.  Such  systems  might  be  used 
for  oscillations  amplification. 

The  numerical  calculation  was  made  for 
dispersion  dependencies  construction. 

As  the  analytical  definition  of  the  expression 
for  V^Ue®  is  hindered  the  calculation  was  made  at  the 
parameter  5=2vei+VxUe®  specification  by  some  constant 
values:  §=  -10^-^-10V'. 

The  calculation  was  made  for  three  values  of 
electron  concentration  in  plasma:  ni=10’^cm'^, 
n2=l,74-10'^cm‘^  and  n3=10'^cm‘^.  Besides  it  was 
assume  that  the  real  part  of  frequency  was 
m, =2,355-10"  Hz. 

Calculated  wave  number  k  and  increment  of 
oscillations  growth  values  as  functions  of  parameter 
X=Oe/®i  at  different  parameter  ^  values  for  a  case  (ni>0 
and  Y>0  are  shown  at  Fig.3  and  Fig.4.  Function  K=f(x) 
is  shown  by  solid  lines  and  lgY=f(x)  -  by  dotted  lines. 

The  calculations  results  are  indicative  of 
following; 

l.This  wave  is  propagating  at  low  values  of  electron 
concentration  in  the  whole  frequency  range 
(excluding  the  resonance  area,  where  cDi=ne); 

2  In  the  dense  plasma  the  wave  might  propagate 
and  be  amplified  in  the  area  Qc/a3i>l  only.  The 
phase  velocit)'  of  these  waves  is  less  than  the  light 
velocity  which  is  indicative  of  the  slowed  character 
of  their  propagation  and  of  the  possibility  of  long¬ 
term  interaction  with  plasma. 


As  it  is  seen  from  dispersion  dependencies,  the 
traveling  waves  have  growth  increments  high  enough. 
This  is  indicative  of  the  possibility  of  pronounced  (by 
some  orders)  amplification  of  these  waves  energy. 


Fig.  3.  Dispersion  dependence  at  ^=-10^s'' 


Fig.  4.  Dispersion  dependencies  at  ^=-10®s  ' 
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Abstract:  Using  a  two-fluid  model  the  capacitan¬ 
ce  and  the  characteristics  of  the  boundary  sheath 
of  a  probe  or  an  electrode  is  given  numerically  for 
plane,  cylindrical  and  spherical  geometries  under 
steady-state  conditions  including  elastic  and  inela¬ 
stic  collisions.  A  collisionless  plane  model  allows 
analytical  solutions.  The  expressions  for  the  capa¬ 
citance  are  a  little  different  under  steady-state  and 
low  frequency  operation  conditions  due  to  nonli¬ 
near  phenomena.  Modulating  the  probe  voltage 
can  lead  to  a  hysteresis  effect  A  quasi-periodic 
response  of  the  plasma  can  exist 

1.  Introduction 

The  knowledge  of  the  characteristics  and  the  capa¬ 
citance  of  the  sheath  adjacent  to  a  probe  or  an 
other  electrode  is  important  for  the  plasma  diagno¬ 
stics  and  the  plasma  technology.  To  date,  the  ca¬ 
pacitance  is  mainly  calculated  for  collisionless 
plasmas  in  a  plane  geometry  using  the  quasistatio¬ 
nary  approximation  [1-5].  The  goal  is  to  give  re¬ 
sults  for  models  with  plane,  cylindrical  or  spheri¬ 
cal  symmetry  (p  =0,1,2)  including  elastic  and  ine¬ 
lastic  collisions.  Dealing  with  a  plane  and  colli¬ 
sionless  model  the  nonlinear  characteristics  is  cal¬ 
culated  under  various  variations  of  the  probe  vol¬ 
tage  and  the  plasma  density  with  the  time. 

2.  Model  and  basic  equations 

The  plasma  is  assumed  to  consist  of  cold  positive 
ions  (index  s=i)  and  electrons  (s=c)  with  a  con¬ 
stant  temperature  in  an  immobile  neutral  gas. 
The  basic  equations  are  the  equations  of  continui¬ 
ty  and  of  momentum  transfer  for  ions  and  elec¬ 
trons  and  the  Poisson  equation.  Under  steady-state 
and  one-dimensional  conditions  they  read 

(1) 


(3) 

Here  are  r  the  distance  from  the  centre,  n  the  nu¬ 
mber  density,  v  the  drift  velocity,  E  the  electric 
field  strength,  m  the  mass,  fc  the  Boltzmaim  con¬ 
stant,  e  the  elementary  charge,  2^=1,  Zj=-1,  Eq  the 
permittivity  of  vacuum  and  in  the  following  (j)  the 
electric  potential.  v„j  is  the  ionization  frequency, 
Vj  is  the  collision  frequency  of  ions  and  electrons, 
respectively. 

We  introduce 

E^^kTJiel^)  (4) 

and 

-n^-ecfi I  kT, ,  (5) 

where  /  =  di;  /  d  ^ . 

The  so-called  sheath  scale  is  used  in  (5).  Dealing 
with  cylindrical  or  spherical  models,  is  the  pro¬ 
be  radius  and  is  the  wall  radius.  The  resulting 
boundary  and  eigen  value  problem  is  numerically 
solved  in  [5]. 

3.  Results 

Using  the  Gauss  theorem  under  steady-state  condi¬ 
tions  the  capacitance  of  the  sheath  around  a  probe 
results  as 

Q=(eoAp//D)/(rp)/77(/-p)  (6) 

where  is  the  area  of  the  probe.  Numerical  re¬ 
sults  are  shown  in  Fig.  1  where  P=2,  r Jr  =30, 
v/v„=l  (a),  1000  (b). 

An  analytical  solution  exists  for  the  sheath  if  col¬ 
lisions  and  the  inertia  of  the  electrons  are  neglec¬ 
ted.  In  this  model  r  is  the  distance  from  the  sheath 
edge  where 

ni=n^=nQ,  Vi  =  v^=VQ,  f=f^,  (f)=0 

is  supposed.  One  obtains  [3] 

/  =  \/2('/nTo  +  e-^-2)  +/o"  .  (7) 

The  density  of  the  conductivity  current  becomes 

j\  =  enQV^[l-exp  (rip-V)]  (8) 
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where  /  ( iTrm^)  is  the  normalized  floa¬ 

ting  potential.  The  results  are  different  at  r]<l  if 
f()>0  or  fo=0.  The  thickness  of  the  sheath  diverges 
if  the  sheath  edge  is  defined  by  /o=0.  In  Fig.  1  the 
curve  (c)  represents  C,,  for  this  case. 

We  take  into  account  a  time-dependent  probe  vol¬ 
tage  varying  with  the  frequency  «/2Tt  where 
faxcOj .  Using 

yd=-(qs/4)(dWd0p  (9) 

for  the  density  of  the  displacement  current  the 
quasistationary  approximation  leads  to  [3] 
<q3=(£o4//D)  [(d//dO//]p.  (10) 

The  difference  between  the  equations  (6)  and  (10) 
is  caused  by  the  nonlinear  phenomena  in  the  pla¬ 
sma  Eq.  (10)  is  shown  in  Fig.  1  by  function  (d). 
It  is  [/  ■/  c  I  1  Occq  .  The  nonlinear  cha¬ 

racteristics  7  ( 17)  =j  civ) '*'j  d(  V)  is  investiga¬ 
ted  in  [1-4,7].  Both  the  electrode  sheaths  and  the 
external  circuit  are  taken  into  account  in  [1,4], 
The  probe  voltage  is  modulated  according  to 
(^^)]  where  Tig  and  ai  are 
constants.  Characteristics  with  a  slight  hysteresis 
effect  without  a  node  can  occur  caused  by  the 
displacement  current  (Fig.  2;  cOj/(Oj=0.3). 
Additionally,  we  take  into  consideration  a  modula¬ 
tion  of  the  plasma  density  according  to 
n  =/?o  [  1  +  a2sin  (  -tp)  ]  .  The  characteri¬ 
stics  depend  strongly  on  the  frequencies,  the  am¬ 
plitudes  and  the  phase  angle.  If  002=001  a  hystere¬ 
sis  with  nodes  can  exist  (Fig.  3;  O0i=0.012).  If 
coj  quasi-periodic  states  with  period-doubling 
can  occur  [8].  An  advanced  theory  would  demand 
the  solution  of  the  time-dependent  nonlinear  equa¬ 
tions  (l)-(3)  under  suitable  boundary  conditions. 
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1.  Introduction 

In  this  work  we  present  a  numerical  investigation  of 
the  physical  processes  which  control  the  breakdown  of 
nitrogen  molecule  under  the  effect  of  a  wide  range  of 
laser  wavelengths.  The  calculations  are  carried  out  at 
the  first  four  harmonics  of  a  Nd:YAG  laser  radiation 
irradiates  a  nitrogen  molecule  at  atmospheric 
pressure.  These  are  the  experimental  conditions  of 
Da\is  et  al.[l].  The  numerical  analy'sis  is  based  on  a 
previously  developed  electron  cascade  model  by  Evans 
and  Gamal  [2,3]  which  solves  simultaneously  the  time 
dependent  Boltzmaim  equation  for  the  electron  energy 
distribution  function  and  a  set  of  rate  equations 
describing  the  rate  of  change  of  the  formed  excited 
states  population.  The  model  includes  the  main 
physical  processes  which  may  take  place  during  the 
interaction  of  laser  radiation  with  gases.  In  this 
analysis  the  exact  correlation  between  the  cross  section 
of  each  processe  and  the  electron  energy  has  been 
taken  into  account 


2.  Model  and  basic  equation 


In  this  model  the  rate  of  energy  gain  of  the  free 
electrons  from  the  laser  field  is  given  by  : 


- =  — E„u(e) - H— E.EUIE) - - (Q„f) 

at  3  “  ^  3  “  ''  ^ae'  ^  ' 


(1) 


Where  eo=  e‘E‘/ 2mw'^  is  the  oscillatoiy  energy  of  an 
electron  in  the  laser  field  with  electric  field  amplitude 
E  and  angular  frequency  w  ,  v(e)  is  the  frequency  of 
collision  of  the  electron  with  the  molecule  and  Qv  is 
the  rate  of  transfer  of  energy  from  an  electron  of 
energy  e  to  vibrational  lev  els.  In  this  work  we  adopted 
the  same  molecular  structure  of  the  nitrogen  molecule 
as  that  considered  in  ref[2].Therefore  the  inelastic 
processes  which  are  considered  in  the  present  work 
can  be  summarized  as:  electron  impact  ionization  of 
the  ground  state  molecule,  electron  impact  excitation 
of  the  considered  three  excited  states .  electron  impact 
ionization  of  the  excited  states  and  photoionization  of 
the  excited  states  at  energy  threshold  respectively.  In 
addition  to  this  processes  we  added  in  this  work  the 
process  of  molecular  dissociation  of  the  nitrogen  with 
its  cross  section  has  taken  from  ref.[4].  We  also  follows 
the  same  functional  form  of  the  cross  sections  and  rates 
for  these  various  processes  as  those  considered  in 
ref  [3].  A  breakdown  criterion  defined  as  the  degree  of 


fractional  ionization  5=  0.1%  of  the  neutral  gas 
molecule  in  the  focal  volumes  is  assumed  in  the 
present  calculations. 

3.  Results  and  discussion 

The  calculations  are  carried  out  for  molecular  nitrogen 
at  atmospheric  pressure  irradiated  with  Nd:YAG  laser 
at  the  wavelengths  1.064  pm,  0.532  pm,  0.355  pm  and 
0.266  pm  with  pulse  duration  8.5  ns,  7.5  ns,  6.5  ns  and 
5.5  ns  respectively.  Figure  (1)  shows  the  calculated 
values  of  the  threshold  intensity  at  these  four  laser 
wavelengths  and  compared  with  the  experimentally 
measured  ones  by  Davis  et  al.  ref  [1].  From  this  figure, 
it  is  clear  that  a  good  agreement  is  obtained  between 
the  calculated  values  of  the  breakdown  thresholds 
(solid  line)  and  those  experimentally  measured  ones 
(open  circul).  This  result  also  confirms  the  results 
obtained  for  air  breakdown  at  the  same  four 
wavelengths  under  the  same  experimental  conditions 
given  by'  Simeonsson  and  Miziolek[5]  and  shown  on 
figure  ( 1  )as  shaded  circul.  We  observed  an  increase  in 
the  threshold  intensity  at  wavelength  0.355  pm  then  a 
decrease  in  its  value  at  0.532  pm  follows  by  another 
increase  at  the  near  IR  region  (1.064  pm)  with  the 
increase  for  N;  at  this  wavelength  exceeds  that  for  air. 
To  explain  such  behavior  of  the  wavelength 
dependence  on  the  threshold  intensity  it  was 
necessarily  to  study'  in  details  the  electron  energy' 
distribution  function  (EEDF)  at  each  of  these 
wavelengths.  Therefore  the  EEDF  at  the  end  of  the 
laser  flash  is  plotted  for  the  four  considered 
wavelengths  and  shown  in  figure  (2). 
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Fig.(  I  )■  Comparison  between  the  calculated  threshold 
intensity  (solid  line)  and  the  measured  ones  (  O  N2 
ref[l],  •  air  ref  [5]). 

From  this  figure  it  is  noticed  that  the  EEDF  for  the 
four  wavelengths  undergoes  an  abrupt  drop  over  the 
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energy-  range  1-3  eV.  This  drop  Indicates  the  effect  of 
vibrational  losses  w  hich  in  turn  acts  as  a  barrier  for  the 
electrons  to  reach  the  excitation  and  ionization  limits. 
This  in  turn  results  in  a  retardation  of  the  ionization 
grov^lh  rate  of  electrons  which  is  noticeably  clear  at 
wavelength  0.355  where  the  drop  is  much  deeper 
and  its  value  over  the  whole  range  of  electron  energy 
lie  below=  the  EEDF  for  the  other  wavelengths.  In  order 
to  study-  the  correlation  between  the  \-ibrational  losses 
and  the  laser  wavelength  a  close  e.xamination  for  the 
EEDF  as  a  function  of  the  laser  wavelength  over 
electron  energy  range  from  0-5  eV  is  plotted  and 
illustrated  in  figure  (3).  It  is  shown  from  this  figure 
that  vibrational  losses  at  2  eV  suffer  a  sudden  decrease 
over  the  whole  range  of  the  wavelengths  with  a 
particular  lower  value  at  the  wavelength  0.355  yim. 
Beyond  this  energy  \'aluc  the  EEDF  starts  to  increase 
gradually  over  the  energy  range  3-5  eV  for  the  four 
wavelengths. 

This  decrease  in  the  EEDF  at  0.355  yim  may  explain 
the  high  rate  of  vibrational  losses  at  this  w  avelength 
which  in  turn  implies  the  increase  of  the  threshold 
intensity  to  overcome  these  losses.  This  result  interpret 
the  peak  appeared  in  figure  (1)  at  this  particular 
w  avelength.  On  the  other  hand,  the  high  value  of  the 
threshold  intensity  obserx  ed  in  figure  ( 1  )at  w  avelength 
1.064  pm  could  be  e.xplained  by  the  fact  that  at  this 
wavelength  collisional  ionization  of  the  excited  states 
is  more  dominant  than  photoionization.  But  because  of 
the  coincidence  between  the  amount  of  energy  required 
to  cause  ionization  of  the  considered  excited  states 
about  (5  .  8.  9  eV)and  those  required  to  produced 
electron  impact  excitation  for  the  three  excited 
statesf?.  9.  12  eV)  .therefore  this  process  seases  to  take 
place  which  result  in  a  slow  ing  dow-n  of  the  ionization 
growth  rate  and  this  in  turn  explain  this  increase  of  the 
threshold  intensity .  From  the  abo\c  result  it  can  be 
shown  that  at  the  three  first  wavelengths, 
photoionization  of  the  excited  states  can  play  an 
important  role  in  enhancing  the  ionization  growth  rate 
while  at  the  fourth  (1.064  pm)  wavelength,  both 
photoionization  and  collisional  ionization  contribute 
pronouncely  to  the  breakdown  phenomenon.  As  a 
confirmation  of  this  result  the  electron  mean  energy  as 
a  function  of  time  is  plotted  at  these  wax  elengths  and 
is  shown  in  figure  (4)  From  this  figure  it  is  notice  that 
the  electron  mean  energy  for  the  three  first 
wax  clengths  is  almost  constant  during  the  whole  pulse 
length  with  its  xalue  for  the  waxelength  0.266  pm 
exceeds  those  for  wavelengths  0.532  pm  and  0.355 
pm.  the  later  values  are  almost  very  close  to  zero 
which  indicates  that  the  w  hole  ionization  processes  are 
due  to  photoionization  of  the  excited  states.  At  the 
waxelength  0.266.  because  of  the  photon  energy  is 
considerably  high,  therefore  the  new  ly  born  electrons 
can  have  e.xcess  energy  higher  than  zero.  For  the 
waxelength  1.064  pm  the  electron  mean  energy 


follows  almost  the  pulse  shape  which  indicates  the 
importance  of  collisional  ionization  processes  in 
particular  around  the  peak  of  the  laser  pulse  where  the 
rate  of  energy  gain  reaches  to  its  maximum  value. 
Beyond  the  peak  electrons  can  suffer  inelastic  collision 
where  they  lose  their  energy  and  hence  their  mean 
energy  reaches  a  low  er  value  as  show-n  in  figure  (4). 


Fig.(2)  EEDF  for  atmospheric  N;  at  wavelengths 
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Fig  (3)  EEDF  as  a  function  of  wavelength  at 
electron  energies  0-5  eV, 
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Mg  (4)  Electron  mean  energy  as  a  function  of  time. 
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1.  Introduction 

On  the  basis  of  a  kinetic  model  [1]  surface  wave  sus¬ 
tained  discharges  are  studied  in  the  microwave  (2.45 
GHz)  and  the  radio  frequency  (100-400  MHz)  range 
for  moderate  g8is  pressures  (p  <  1  Torr  argon,  he¬ 
lium)  and  plasma  radii  a  <  1.4  cm.  Radially  a  non¬ 
local  approach  is  used  as  a  good  approximation  for 
sufficiently  low  values  of  the  product  pa.  The  con¬ 
cept  of  total  (kinetic  plus  ambipolar  potential)  en¬ 
ergy 

employed  facilitates  simplified  solutions  of  the  Boltz¬ 
mann  equation  and  is  useful  for  analysing  the  struc¬ 
ture  of  particle  fluxes  even  in  more  general  ai>- 
proaches,  e.g.  of  double  grid  methods,  with  more 
complex  boundary  conditions.  For  closing  the  sys¬ 
tem  of  equations  the  ion  fluid  approach  is  employed. 
Maxwell’s  equations,  using  a  cold  plasma  permittiv¬ 
ity,  are  solved  simultaneously  in  (zero  order)  WKB 
approximation  concerning  the  axial  density  nonuni¬ 
formity. 

2.  Selfconsistency  of  Field  In¬ 
tensity  and  Electron  Density 

Selfconsistency  of  maintainance  electric  field  inten¬ 
sity  lEp  and  electron  density  is  achieved  by  inclusion 
of  nonlinear  effects  such  as  stepwise  ionization  (tak¬ 
ing  into  account  the  tendency  to  saturation  towards 
higher  electron  densities)  [2],  electron-electron  colli¬ 
sions,  radial  and  axial  changes  of  electron  energy  dis¬ 
tribution  functions,  changes  of  radial  field  and  den¬ 
sity  profiles  with  axial  position.  Even  though  diffu¬ 
sion  dominated  regimes  are  considered,  a  degener¬ 
ate  behaviour  in  that  the  field  strength  becomes  in¬ 
dependent  of  the  electron  density,  is  avoided  which 
might  result  from  a  simplified  “linear”  particle  bal¬ 
ance  consideration.  As  a  consequence  the  resultant 
power  loss  per  average  electron  (0)  is  a  function  of 
axial  position,  though  its  axial  change  turns  out  to 
be  weak,  unless  transition  to  the  recombination  con¬ 
trolled  regime  occurs. 


3.  Radial  Electron  Density 
Nonuniformity 

The  selfconsistent  radial  density  profiles  are  rela¬ 
tively  steep  and  accentuate  the  nonuniformity  of  ra¬ 
dial  field  profiles.  The  calculations  fully  account  for 
the  consequences  in  wave  dispersion  and  damping, 
which  largely  derive  from  the  decrease  of  wave  pen¬ 
etration  along  the  discharge  axis:  Towards  the  dis¬ 
charge  end  the  electron  density  near  the  discharge 
wall  gains  in  relevance  as  compared  to  a  cross-section 
averaged  electron  density.  Therefore  formation  of  a 
maximum  in  the  phase  diagrams  and  the  appear¬ 
ance  of  complex  solutions  occurs  in  the  collisionless 
limit  {vc  -4  0)  due  to  the  radial  density  nonunifor- 
mity  [3].  Linear  mode  conversion  between  forward 
and  backward  wave  solutions  is  possible,  but  only 
for  rather  low  collisionality  [4).  Moreover,  a  suffi¬ 
cient  radial  density  drop  allows  resonances  between 
wave  frequency  u  and  local  plasma  frequencies  Wp(r) 
leading  to  peaks  in  the  intensity  of  the  radial  field  in¬ 
tensity  component  \Er\,  edfecting  dispersion  as  well 
as  damping.  These  peaks  can  also  be  associated  with 
“collisionless”  energy  transfer  as  described  by  quasi- 
linear  treatment  [5].  The  resultant  energy  diffusion 
coefficient  2?qi — appearing  in  the  heating  term  of  the 
Boltzmann  equation — can  be  written  in  the  form 

^  -(2) 

lending  itself  to  an  interpretation  as  transit  time 
heating.  The  transit  time  r  of  electrons  passing 
the  jErp-peaks  takes  the  role  of  the  collision  time 
Tc  =  1/i/c  in  an  expression  for  the  case  of  Ohmic 
(DC)  heating.  The  exponent  in  (2)  ensures  that 
the  transit  time  effect  is  only  significant  when  r  is 
small  as  compared  to  the  wave  period  T.  Expression 
(2)  becomes  important  towards  discharge  end.  The 
range  of  significance  increases  with  growing  pa,  al¬ 
though  the  ratio  of  collisionless  versus  Ohmic  heat¬ 
ing  rate  increases  with  lowered  p.  The  selfconsis¬ 
tent  calculations  show  that  in  the  nonlocal  situation 
the  radial  density  profiles  are  not  so  drastically  af¬ 
fected  as  to  seriously  impede  the  resonance  situation 
u  =  u>p(r),  conceivably  happening  in  a  local  scenario. 


XXni  ICPIG  (  Toulouse,  France  )  17  -  22  July  1997 


V-91 


4.  Ponderomotive  Effects 

The  concept  of  total  energy  employed  in  the  nonlocal 
approximation  can  be  extended  to  include  in  the  to¬ 
tal  energy  the  term  \e\\E\^ / Am{ui^  -\- v^)  describing 
the  nonlinear  ponderomotive  interaction  [6].  From 
this  approximation  noticeable  ponderomotive  influ¬ 
ence  may  be  expected  only  for  low  wave  frequencies 
a)  and  low  gas  pressures,  as  estimates  and  calcula¬ 
tions  show. 

5.  Three-Dimensional  Field 
Calculations 

The  validity  of  (zero  order)  WKB  solutions  with 
respect  to  the  axial  density  nonuniformity  can  be 
verified  via  iterative  solutions  of  the  field  equations 
(formulated  in  integral  form)  for  given  radial  and 
axial  density  profiles.  The  good  accuracy  of  the 
WKB  results  is  showing  up  in  spite  of  the  compli¬ 
cations  such  as  arising  from  damping,  mode  inter¬ 
actions  and  local  plaisma  resonances.  This  includes 
the  occurance  of  lilr [-peaks  close,  but  separated, 
from  the  plasma  boundary,  as  the  example  of  Fig.  1 
demonstrates  with  a  radial  profile  of  normalized  \Er\ 
for  a  relatively  steep  density  profile  aJo(2.4r/a),  at 
Uc/u!  =  0.6,  ai/27r  =  22QM Hz  and  about  20cm  be¬ 
fore  discharge  end.  However,  this  is  the  case  only 
if  the  damping  is  high  enough  to  avoid  the  appear¬ 
ance  of  a  significant  “system  resonance”  at  the  dis¬ 
charge  end  associated  with  axial  density  decrease. 
At  relatively  low  damping  (and  favourable  low  wave 
frequencies)  such  resonances  indeed  occur  and  their 
properties  are  then  also  influenced  by  the  radial  den¬ 
sity  profile.  This  is  in  line  with  the  above  remark  on 
decreasing  radial  penetration  depth.  The  radial  field 
distribution  is  obviously  affected,  but  even  the  axial 
position  of  the  resonance  is  changed.  This  is  2^cer- 
lained  by  three-dimensional  field  computations  for 
given  density  distributions,  incorporating  a  numeri¬ 
cal  model  of  the  wave  launcher.  For  the  azimuthally 
symmetric  mode  considered  here,  the  required  com¬ 
putational  effort  can  be  reduced  by  the  use  of  ideal 
magnetic  boundary  conditions  with  respect  to  the 
azimuthal  direction  [7]. 

6.  Summary/Outlook 

Some  experimental  evidence  for  essential  features  of 
the  modelling  has  been  reported,  e.g.  [8],  though 
more  experimental  work  remains  desirable.  There  is 
of  course  room  and  need  for  improvements,  in  par¬ 
ticular  by  generalization  from  the  nonlocal  approxi¬ 
mation  in  a  selfconsistent  manner  and  obviously  by 
strengthening  the  atomic  physics  data  base. 
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For  thermal  plasma  processing  of  solid  particles  injection 
and  mixing  i.e.  momentum,  heat  and  mass  transfer 
between  solid  particles  and  plasma  flow  is  of  great 
importance  for  quality  of  the  product.  This  is  especially 
pronounced  in  plasma  processes  when  powders  (for 
instance  Si,  Al,  Ti  etc.)  are  used  as  a  precursor  for  the 
synthesis  of  ultrafine  ceramic  nitride  or  carbide  powder 
(Si3N4,  SiC,  AIN,  TiN,  etc.)  In  those  processes  metal 
powders  has  to  be  totally  evaporated  in  tliermal  plasma 
flow  before  gas  phase  chemical  reaction  take  place. 
Namely,  if  evaporation  is  not  completed  in  a  high 
temperature  zone  of  the  reactor,  the  remaining  particles 
become  impurities  in  the  produa  due  to  short  residence 
period  in  the  reactor  for  the  complete  hquid  -  gas  phase 
syntliesis  reaction.  There  are  numerous  effects  involved  in 
plasma-solid  particle  interaction  between  which 
noncontinuum  effects  have  important  influence  especially 
in  the  case  of  small  evaporating  particles.  Due  to  difficul¬ 
ties  in  experimental  investigations  of  two-phase  high 
temperature  flows,  there  is  a  lack  of  corresponding  experi¬ 
mental  data  so,  numerical  modelling  of  two  phase  plasma 
flows  and  few  rather  simple  diagnostic  methods  are,  in 
most  cases,  the  main  tools  for  analysis  developing  and 
optimizing  the  plasma  reactors  and  processes. 

The  paper  presents  results  of  numerical  analysis  of 
noncontinuum  effects  influence  on  interphase  momentum, 
heat  and  mass  transfer,  based  on  computer  simulation  of 
two  pliase  (nitrogen  plasma  -  Al  or  Si  or  Ti  particles) 
turbulent  flow  in  an  axisymmetric  reactor  schematically 
shown  in  Fig.  1.  High  temperature  nitrogen  plasma 
flow  enters  the  vertical  chamber  of  radius  R  and  length  L, 
through  the  central  inlet  with  radius  ri,  at  the  top  of  the 
reactor.  The  secondary  fluid  flow,  laden  witli  solid  particles 
at  room  temperature,  is  injected  from  the  same  side 
tlirougli  the  conical  annular  channel  with  inlet  radii  ri  and 
r;  and  angle  a.  The  products  leaves  the  reactor  through  a 
central  opening  of  radius  r„  at  tlte  reactor  bottom.  All 
reactor  surfaces  are  shielded  with  uncooled  high  tempera¬ 
ture  material  and  all  dimensions  (L,  R)  refer  to  the  inside 
surfaces  of  the  shield.  Computer  simulation  is  based  on  a 
inatliematical  model  [1]  which  includes;  widely  used  k-e 
model  of  turbulence  for  closing  equations  of  motion  for  two 
dimensional  plasma  swirl  flow,  Lagrangian  Stocliastic 
Detenninistic  model  for  calculation  of  particle  motion  in 
plasma  flow.  Particle  Source  in  Cell  (PSI-Cell)  method  for 
computing  particle-  plasma  interaction  and  sLx  flux 
metliod  by  De  Marco  and  Lockwood  for  modeling 
radiative  heat  transfer  between  particles,  plasma  and 
reactor  wall.  Correlations  used  for  interface  momentum, 
heat  and  mass  transfer  are  based  on  integral  mean  values 


Figure  1.  Axial  section  of  the  reactor  with  computed 
curves  of  constant  plasma  tempe/ature  with  some 
particles  trajectories  for  the  illustrative  example 

of  plasma  properties  in  boundary  layer  surrounding 
particles  due  to  high  temperature  difference  in  layer, 
and  including  corrections  due  to  particle  evaporation  and 
Knudsen  effect  [2]. 

Presented  computed  curves  of  constant  plasma  temperature 
with  trajectories  of  some  Al  particles  in  tlie  axial  section  of 
tire  reactor  refer  to  the  example  with  the  following  values 
of  reactor  parameters:  inlet  plasma  channel  radius  ri=ri„= 
18.75  mm,  outer  radius  of  injection  cliarmel  rj  =  21.75 
mm,  reactor  radius  R=  50  mm,  reactor  length  L  =  250 
mm,  radius  of  exit  channel  r^  =  4  mm,  temperature  of  the 
shield  Tw=1500  K,  Tw.bottom  =  1700  K,  nitrogen  plasma 
flow:  mi,  =  2.07  g/s,  angle  correlating  tangential  (swirl) 
Wi,  and  axial  Uj,  plasma  velocity  component 
(Wi,=Ui,lg<Ppi)  cppi  =  14°,  inlet  plasma  temperature  Ti„  = 
6000  K,  secondary  nitrogen  mass  flow  rate  msec=  0. 16  g/s, 
Al  powder  mass  flow  mAi=  0.127  g/s,  initial  diameter  of  Al 
particles  dpo  =  50  pm.  angle  of  injection  charmel  a  =  87.5°. 
Computed  values  of  modified  Knudsen  number  Kn'  [2] 
and  corresponding  correction  to  particle  heat /,  momentum 
transfer and  mass  transfer  f„,  along  the  same  particle 
trajeaories  as  in  Fig.  1  are  presented  in  Fig.  2,  3  and  4,  as 
functions  of  particle  axial  position  in  the  reactor.  Along  the 
whole  particle  trajectory  effective  Knudsen  number  is  in 
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the  range  0,001<^‘<0.8  and  calculated  corrections  are 
based  on  theoretical  predictions  for  the  “temperature  jump” 
(slip  flow)  regime  modified  for  the  thermal  plasma 
conditions  [3],  During  the  particle  "injection"  and 
"penetration"  stage,  while  its  diameter  is  constant,  value  of 
Kn  rises  fiom  ~G.006  to  ~0.03  (Fig.  5)  while  correction 
factors / and/„  drops  fi'om  1  to  -0.92  (Fig.  3  and  4)  due  to 
increase  of  particle  temperature.  Along  the  reactor  particle 
Knudscn  number  rises  and  correction  fector / and  decay 


- , - 1 - , - 1 - - - 1 - , - 1 - , - 1 

0.00  0.0$  aio  0.1$  0.10  o.i$ 


Figure  2.  Particle  efifective  Knudsen  number  as  a 
function  of  its  axial  position  in  the 
reactgr 
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Figure  3.  Correction  factor  /  to  momentum  and 
heat  transfer  as  a  function  of  particle  axial  position 
in  the  reactor 
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Figure  4.  Correlation  factor  f„  to  mass  transfer  as 
a  function  of  particle  axial  position  in  the  reactor 
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Figure  5.  Particle  Nusselt  number  'as  a 
function  of  particle  axial  position  in  the 
reactor 

constantly  due  to  particle  diameter  reduction,  and  for 
4i~10pm  have  values:  Kn'~0.\,f~0.7  and  fm~0.7.  Further 
decrease  of  particle  diameter  along  its  trajectory  increases 
effective  Knudsen  number  up  to  0.8  (for  dpo»fl.5pm)  while 
correction  fiictors  are  drastically  reduced  to  JaO.23  and 
/sO.24.  It  is  obvious  that  effects  of  Knudsen  number  on 
momentum,  heat  and  mass  transfer  are  significant  and  the 
corresponding  corrections  have  to  be  involved  in  the 
calculations  of  small  particles  (dpo<50pm  especially  for 
dp<,<I0pm)  movement,  heating  and  evaporation  in 
nitrogen  thermal  plasma  flows. 

Particle  Nusselt  number,  calculated  [2]  along  the 
trajectories  in  Fig.  1,  is  shown  in  Fig.  5  as  a  function  of 
particle  axial  position  in  the  reactor.  For  Nu=2  the  heat 
transfer  to  the  particle  is  only  by  conduction,  but  in  our 
case  of  particle  e\'aporation  and  present  noncontinuum 
effects,  Nu  number  can  be  less  than  2.  Due  to 
noncontinuum  effect  reduction  of  heat  transfer  (Fig.  5)  is 
proportiorral  to  /  (Fig.  3),  of  momentum  transfer  to  / 
and  reduction  of  mass  transfer  to  /«  (Fig.  4).  From  Fig.  5 
it  is  obvious  that  noncontinuum  effect  drastically  reduces 
heat  flux  (Nu  <  1.5)  to  small  particles  (dp  <  10pm). 
Reduction  of  momentum,  heat  and  mass  transfer  from 
nitrogen  plasma  to  Si  and  Ti  particles  due  to 
noncontinuum  effect  is  of  the  same  level  as  for  A1  particles 
presented  in  Fig  2,3, 4  and  5. 
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1.  Introduction 

Collisional  Radiative  Models  (CRMs)  are  a  widely 
used  tool  in  the  modelling  of  plasmas.  The  results  of 
such  models  appear  as  source  terms  in  the  particle  and 
energy  balances  of  plasma  transport  models  [1], 

In  case  thrf  change  of  internal  energy  of  the  heavy 
particle  is  due  to  electron  collisions  and  radiative 
processes  the  Atomic  State  Distribution  Function 
(ASDF)  can  be  calculated  from  plasma  parameters, 
such  as  the  electron  density  and  temperature,  solving  a 
set  of  continuity  equations.  If  the  electron  density  is 
low  only  a  few  excited  levels  have  to  be  taken  into 
account.  This  holds  for  e.g.  the  modelling  of 
conventional  fluorescent  lamps  where,  due  to  an 
electron  density  of  around  5  x  lO'’  m'^,  a  model  with 
only  four  to  six  excited  atomic  mercury  levels  already 
gives  an  accurate  description  of  the  discharge  [2,3]. 

If  the  electron  density  rises  more  levels  must  be  taken 
into  account.  This  is  necessary  because  of  the  onset  of 
the  stepwise  excitation  and  ionization  processes  [4].  If 
one  would  use  a  purely  numerical  technique  all  the 
levels  which  are  not  in  partial  Local  Saha  Equilibrium 
(pLSE)  [4]  have  to  be  taken  into  account.  Fortunately 
it  is  possible  to  reduce  the  number  of  levels  that  need 
to  be  treated  numerically  by  using  a  so-called 
Analytical  Top  Model  (ATM)  for  the  densities  of  the 
higher  excited  states  [4,5]. 

2.  The  Model 

The  model  calculates  the  Quasi  Steady  State  Solution 
(QSSS),  which  means  that  the  spatial  and  temporal 
relaxation  of  the  densities  of  the  excited  states  is 
neglected.  This  is  valid  for  a  broad  variety  of  plasmas. 
The  trapping  of  radiation  can  be  treated  locally  with 
the  introduction  of  an  escape  factor. 

As  stated  before  in  the  model  both  numerical  and 
analytical  techniques  have  been  combined.  The  lowest 
excited  states,  which  are  in  Corona  Balance  (CB)  have 
to  be  calculated  numerically.  The  highest  states  are  in 
Partial  Local  Saha  Equilibrium  (pLSE).  In  the  case  of 
an  ionising  plasma,  the  intermediate  levels  are  in  a  so- 
called  Excitation  Saturation  Balance  (ESB). 

It  was  shown  numerically  by  Fujimoto  [6]  and 
analytically  and  experimentally  by  Van  der  Mullen 
[4,7]  that  the  deviation  from  Saha  equilibrium  of  the 
levels  in  ESB  depends  on  their  effective  principal 
quantum  number  in  a  known  way.  Also  these  levels 
can  therefore  be  treated  analytically  and  the  number  of 
levels  for  which  the  continuity  equation  has  to  be 


solved  can  be  further  reduced.  This  truncation  techni¬ 
que  minimizes  the  numerical  effort  which  is  needed 
and  works  in  the  case  of  recombining  plasmas  as  well. 

3.  The  Program 

The  program  is  written  in  Visual  C-h-t-.  It  provides  an 
MS-Windows  graphical  interface,  so  all  settings  can 
be  made  via  menus  and  dialogue  boxes.  A  typical 
screen  layout  is  shown  in  Figure  2  at  the  end  of  this 
abstract. 

The  input  parameters  for  the  model  are  the  cross 
sections  for  the  collisional  processes,  the  effective 
radiative  decay  frequencies,  the  electron  and  heavy- 
particle  temperatures.  Further  the  electron  density  and 
the  densities  of  the  ion  and  neutral  ground  state  must 
be  specified.  From  these  data,  the  program  calculates 
the  atomic  state  distribution  function,  the  net 
coefficients  of  ionization  and  recombination,  and  the 
various  energy  flows  in  the  system.  The  result  of  a 
typical  calculation  for  argon  is  shown  in  Figure  1 . 

The  program  calculates  the  rate  coefficients  of  the 
collisional  processes  from  the  collisional  cross  sections 
via  an  integration  over  the  velocity  distribution.  At 
this  moment  the  Maxwellian  equilibrium  distribution 
is  assumed,  but  the  implementation  of  other  velocity 
distributions  is  possible. 


Figure  I:  A  typical  result  of  the  Collisional  Radiative 
Model.  Here  the  ionisation  and  recombination 
coefficients  (See  and  OLcr  respectively)  are  depicted 
for  a  fixed  electron  density.  Sqr  is  calculated  for  two 
different  escape  factors  A.  for  resonance  radiation. 
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Further  the  program  provides  default  values  for  the 
cross  sections  of  the  collisional  processes  involving  the 
higher  excited  states.  These  values  are  calculated  from 
a  hydrogen  approximation.  This  approximation  is  of 
course  not  valid  for  the  lower  states,  for  which  the 
cross  sections  can  be  entered  by  specifying  the 
parameters  of  a  chosen  fitting  function.  Special- 
purpose  fitting  functions  are  available. 

One  may  define  three  interesting  points  of  future 
investigation, 

•  applying  the  model  to  other  elements.  At  this 
moment  models  have  been  built  for  atomic  argon 
and  mercury; 

•  extending  the  model  to  describe  molecules  as  well; 

•  allow  non-equilibrium  velocity  distributions; 

The  results  that  have  been  obtained  with  the  current 
argon  and  mercury  models  will  be  explained  and 
discussed,  as  well  as  the  plans  for  the  future. 

Other  research  groups  are  invited  to  help  extending  the 
present  model  and  its  applications. 


4.  References 

1.  J.  van  Dijk,  M.A.  Tas,  J.  Jonkers,  P.G.J.M.  Herben 
and  J.A.M.  van  der  Mullen:  "Modelling  of  low 
pressure  argon/mercury  discharges”,  this 
conference. 

2.  T.P.C.M.  Vos,  F.A.S.  Lighthart,  P.A.P.  Zeinstra,  J. 
Jonkers  and  J.A.M.  van  der  Mullen:  “Dynamic 
Electrical  Characteristics  of  Fluorescent  Lamps", 
this  conference. 

3.  J.F.  Waymouth:  “Electrical  Discharge  Lamps", 
MIT  Press,  Cambridge  MA  (1971). 

4.  J.A.M.  van  der  Mullen:  Phys.  Rep.  191  (1990)  109. 

5.  D.A.  Benoy,  J.A.M.  van  der  Mullen  and  D.C. 
Schram:  J.  Quant.  Spectrosc.  Radiat.  Transf.  46 
(1991)  195. 

6.  T.  Fujimoto:  J.  Phys.  Soc.  Jap.  47  (1979)  265. 

7.  J.A.M.  van  der  Mullen,  B.  van  der  Sijde  and  D.C. 
Schram:  Phys.  Lett.  79A  (1980)  51. 


Figure  2  :  A  typical  screen  of  the  CRM  program. 
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1.  Introduction 

In  the  group  Equilibria  and  Transport  in  Plasmas  at  the 
Eindhoven  University  of  Technology  numerical 
research  is  being  carried  out  in  order  to  get  a  better 
understanding  of  the  relation  between  the  elementary 
processes  and  the  macroscopic  behaviour  of  various 
plasma  sources.  This  work  has  resulted  in  PLASIMO,  a 
program  for  the  numerical  simulation  of  non-LTE 
plasmas.  In  this  contribution  the  results  of  the 
application  of  PLASIMO  to  the  Philips  QL  lighting 
system  and  a  high  current  tube  lamp  will  be  discussed. 
For  a  description  of  these  lamps  we  refer  to  another 
contribution  to  this  conference  [1]. 

2.  Computational  aspects 

In  order  to  calculate  the  quantities  of  interest  a  control 
volume  method  has  been  applied.  An  advantage  of  this 
technique  is  that  the  discretized  problem  obeys  the 
physical  conservation  laws  exactly. 

In  principle  control  volume  methods  are  less  suitable 
for  systems  with  a  complex  geometry.  However,  the 
PLASIMO  program  is  capable  of  generating  a 
generalized  orthogonal  grid.  All  coordinate  systems  are 
chosen  such  that  every  side  of  the  physical  boundary  of 
the  gas  discharge  coincides  with  one  of  the  coordinate 
lines.  A  typical  example  of  a  QL-grid  has  been  shown 
in  Figure  1  below. 

Further,  all  physical  equations  are  cast  in  a  standard 
form  (known  as  <I>-equation),  thus  allowing  a  single 
solution  procedure  to  be  used. 


Figure  I:  A  typical  grid for  OL  simulations 


3.  Transport  equations 

The  heart  of  PLASIMO  is  a  Navier-Stokes  solver, 
which  is  based  upon  the  SIMPLE  algorithm,  which 


simultaneously  solves  the  plasma  bulk  continuity  and 
momentum  equations  [2].  The  motion  of  the  different 
species  relative  to  the  barycentric  velocity  is  calculated 
with  a  self-consistent  binary  diffusion  approximation. 
Further  the  possible  two-temperature  nature  of  the 
discharge  is  taken  into  account  by  solving  seperate 
equations  for  the  electron  and  heavy  particle  energy 
balances.  The  energy  gain  and  loss  terms  due  to 
inelastic  processes  are  treated  as  sources  in  the  electron 
energy  equation  [3]. 

4.  Source  terms 

The  particle  production  and  destruction  rates  are 
calculated  with  a  generally  applicable  collisional 
radiative  model.  This  is  a  seperate  program,  which  is 
discussed  elsewhere  on  this  conference  [4].  It  is  based 
upon  the  assumption  of  a  quasi-stationarity  for  the 
excited  states  [5].  This  is  valid  for  a  broad  variety  of 
plasma,  and  certainly  for  the  plasmas  under  study. 

5.  Results 

An  overview  will  be  given  of  the  results  that  have  been 
obtained  so  far.  Voltage-current  characteristics  for  the 
high  current  tube  lamps  have  been  obtained  and  will  be 
compared  with  new  experimental  values  [1]  and  with 
previous  results  of  Fang  and  Huang  [6].  Further  the 
depletion  of  mercury  atoms  in  the  centre  of  these 
lamps  for  high  currents  will  be  demonstrated  and 
discussed. 
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Serious  eUbits  have  been 
undertaken  in  the  field  of  microwave 
thrust  engine  dcvdopmcnl  (IJ.  The  use  of 
microwave  beamed  power  (MBP)  for 
payload  dehveiy  from  the  Earth  to  low- 
Earth  oibit  (LEO)  is,  however,  highly 
questionable:  the  simplest  estimate  shows 
that  even  if  the  total  MBP  tiuosmitted  is 
of  the  order  (2  ~  100  ilW,  the  resulting 
engine  thrust  can  station  into  LEO  a 
payload  mass  of  only  a  few  dozen 
lalogram.  This  drives  into  conclusion  that 
a  dassical  microwave  -  driven  rocket 
scheme  for  orbital  payload  deliveiy  is 
unproductive  and  new  ideas  are  needed  . 

Recent  MBP  systems  development 
makes  the  prospects  of  new  nucrowave 
systems,  generating  beams  of  1-  10  MW 
power  with  5-20  m  aperture,  move  likely 
in  the  near  term.  These  MBP  systems  will 
be  capable  of  causing  powetftd  discharges 
in  the  rrpper  layers  of  the  atmosphere  and 
this  possibility  should  be  examined  for 
practical  uses: 

There  are  two  waj'S  of  using  MBP 
for  airciafi  and  spacecraft  propulsion  in 
the  upper  atmosphere:  1)  microwave 
discharge  air  heating  inside  the  engine 
onboard  the  aircraft;  2)  microwave 
discharge  external  air  heating  on  the 
surface  and  at  the  bottom  of  the  aircraft. 
In  the  case  of  internal  microwave 
discharge,  the  engine  could  be  a  ram-jd 
with  a  nucrowave  transparent  external  duct 
waR  Such  concept  is  very  attractive  as  the 
conversion  efficiency  of  MBP  to  aircraft 
thrust  is  high.  However,  it  is  difficult  to 
find  a  material  transparent  for  MBP 
influxes  ol  q  ~  200  W/cm^  at  gas  flow 
temperatures  of  T  -  2000  K  ,  so  the 
prospects  of  this  MBP  thrust  generation 
scheme  look  doubt  fill 

The  case  of  nucrowave  discharge  air 
heatirtg  on  the  surface  has  a  direct  relation 
with  external  burning  chemical  engines, 
intoisively  studied  in  late  60-s  and  70-s 
(2-4],  with  file]  burning  near  the  aircraft's 


surfiice.  The  experiments  demonstrated 
sufficient  efficiency  only  at  hi{dt  Mach 
numbers.  Before  fiirther  development  of 
this  concq>t,  three  critical  questions  have 
to  be  answer^' 

A)  At  what  speed  and  fli^  altitude 
of  airciiffi  can  the  near-suiface  external 
nucrowave  dischaige  be  expected  at 
reasonably  low  MBP  irrfhixes?  B)  What  is 
the  Hke^ood  of  ndetowave  discharge 
propagation  ^ong  the  beam,  screening  the 
airc^  neighborhood  fiom  the  MBP  and 
decreasing  the  thrust?  C)  How  big  a 
thrust  can  be  expected  if  the  total  power 
d^osrted  in  the  dischaige  is  some  Q~10- 
50  Mm 

Considerable  experimental  data  for 
microwave  discharges  in  the  atmosphere 
]6]  and  external  bumirtg  chemied  ertgines 
(3,4,5]  are  avaflable,  so  we  can  get  the 
answers. 

A)  A  iracrowave  power  influx  of 
q-100-100  W/cm^  is  sufficient  for  near- 
sutlace  microwave  dischaige  development 
for  ^  altitudes  higher  than  20  km  (5].  Up 
to  an  altitude  of  80  km  the  Lan^uir 
fiequency  of  the  dischaige  plasma  is 
greater  than  the  microwave  fiequency 
expected  (  n  ~  10  c  ),  and  the  suiftoe  will 
be  eflectiveQy  shielded  Bum  MBP.  B)  In 
the  pressure  region  of  P  ^  20-200  Fa, 
(altitudes  50-80  km),  for  an  MBP  influx 
of  100  W/cm^  the  microwave  dischaige 
front  propagation  speed  along  the  beam 
can  be  expected  to  be  v  -  5000  m/s  .  The 
most  probable  dischaige  propagation 
mechanism  in  this  pressure  r^ime  is  the 
resonance  photon  transit  from  the 
microwave  dischaige  front  to  gas  ahead  the 
of  the  front.  The  front  propagation  speed 
value  is  too  great  for  microwave  discharge 
location  on  the  surface.  However,  there 
are  two  reasons  why  the  examination  has 
to  be  continued:  Primarily,  the  real  speed 
value,  most  probably,  is  not  so  hi^ 
because  the  experimental  data  was 
seriously  affected  by  experimental  chambesr 
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walls  con%uiBtion  and  the  microwave 
mode  composkion,  which  led  to  various 
resonance  esBects.  The  second  mason  is 
that  not  a  single  but  some  dozen  of 
microwave  beams  wiQ  be  targeted  on  the 
surface.  In  each  beam  power  influx  wiD  be 
no  more  then  qj  -  5-16  W/cm^  and  only 
some  meter  apait  from  the  aircraft's 
surface  microwave  power  influx  diminishes 
from  the  total  value  of  100  W/cm^  to  qi . 
The  miciowBve  discharge  propagation 
speed  will  accordingly  drop  fiorn  5000  m/s 
to  506  m/s.  If  the  fhght  Mach  number  is 
more  than  2,  the  latter  figure  is  less  than 
the  aircjafi  speed  and  microwave  dischaige 
is  located  on  the  sut&ce.  C)  For  a  thrust 
estimate,  the  results  obtained  for  chemical 
fuel  esdemal  burning  can  be  used  (2-4]: 
The  thrust  magnitude  F  is  derived  from 
the  equation  F=L/(M  c  ),  where  L  =  ij  Q, 
and  tj  -  efiSdency  of  microwave  power 
converrion,  Q  -  total  microwave  <hscharge 
power,  c  -  speed  of  sound,  M  -  flight 
Mach  number  at  static  gas  temperature. 
For  a  flat  wing,  rhombic  in  cross  section 
with  an  acute  leading  edge  angle  d,  we  get 
the  equation  rj  «  (k-l)M  S  (4],  whore  k  - 
the  polytropic  coeffident  of  the  gas  How, 
M  -  fli^t  Mach  number  at  stagnation  gas 
temperature.  If  we  have  Q  -  20-30  MW 
and  S  ~  18/  we  obtain  thrust  F~  2-3  kN. 
This  value  is  relatively  small,  but  sulBdent 
for  further  exammalion.  So  at  altiludes  of 
SO-SO  km  the  microwave  dischaige  has  to 
bum  on  the  aircrafl  siuface  and  the  thrust 
levd  expected  is  some  kN  .  The  following 
applications  can  be  imagined: 

1)  to  ladhtate  the  aerodynamic 
maneuver  of  spacecraft  and  satellites  in  the 
atmosphere:  2)  to  push  hostile  waiheads 
away  from  thdr  tn^clory  at  re-entry  into 
the  atmosphere;  3)  to  create  a  light 
spacecraft  acceleration  system  from  low 
supersonic  speed  up  to  6-7  km/s.  This 
option  is  the  most  promising,  so  some 
estimates  can  be  made:  If  to  take  the 
spacecraft  M-to-drag  ratio  expected  K  = 
1-5  16],  one  can  easily  conclude  that 
microwave  discharge  surface  gas  heating 
can  be  tised  for  acceleration  of  vehides 
with  a  total  mass  of  500-1000  kg.  The 
MBP  system  can  probably  consist  of 
individual  stations,  capable  of  nriorowave 
beams  generation  ,  with  a  power  1-3  MW 
and  an  apetture,  D  ~  5  m  .  The  stations 
themselves  can  be  placed  along  the 


perimeter  of  e  circle,  with  a  radius  of  2000 
km  ,  at  intervals  of  50-70  km  from  each 
other,  so  the  scheme  deals  with  some  200 
MBP  single  stations.  Simultaneously, 
some  10-15  stations  can  be  taigeted  on 
each  spacecraft,  so  it  is  possible  to 
accelerate  it  up  to  7  km/s  in  20-30 
minutes,  provided  its  mass  is  no  greater 
than  500  kg,  end  to  place  it  in  LEO  with 
practically  any  desired  indination. 
Approximately  5- 10  spacecraft  can  be 
launched  by  the  system  simultaneously. 
Their  initial  ornvenlional  aircrafi  such  as 
the  SR-71  can  be  used. 

CONCLUSION 

The  simple  estimates  demonstrate 
the  possibilily  of  a  microwave  beamed 
power  acceleration  sj'stem,  ciq>able  of 
placing  in  LEO  dozens  of  small  spacecraft 
a  day.  The  key  demeifts  of  the  system 
would  be  located  on  the  Earth's  surface, 
thus  are  safo  in  case  of  malfunction  during 
launch.  The  ecological  consequences  are 
expected  to  be  bervign,  as  in  the 
microwave  discharge  ozone  will  be 
genenfted. 
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Among  many  versions  of  plasma 
thrusters  designed  for  future  appli¬ 
cation  and  exploited  now  in  space, 
the  Stationary  Plasma  Thrusters 
(SPT)  appears  as  very  promising 
solution  of  the  jet  propulsion  for 
spacecrafts.  In  SPT  the  discharge  is 
excited  and  sustained  in  the  annular 
channel  (see  e.g.  [1])  of  typical 
dimensions  of  the  order  of  some  cm. 
The  radial  magnetic  field  of  maximal 
value  of  the  order  of  some  hundreds 
Gauss  is  applied.  In  all  examples  B 
increases  when  coming  toward  exit 
and  approaches  its  maximum  value  at 
the  exit.  Axial  electric  field  is 
generated  by  the  anode  situated  at 
the  entrance  to  the  channel,  where 
it  coexists  with  gas  supply  system, 
and  cathode  positioned  outside  the 
channel,  which  compensates  the  elec¬ 
tron  outlet. 

Our  aim  is  to  formulate  the  sim¬ 
ple  onedimensional  SPT  plasma  fluid 
model,  which  allow  us  to  overcome 
the  singularity  appeared  in  fluid 
equations  [2]  when  ions  are  passing 
the  ion  sound  velocity.  This  can  be 
achieved  by  analyzing  plasma  sepa¬ 
rately  in  the  anode  vicinity  (ion¬ 
ization  zone)  and  in  the  the  region 
of  exit  (acceleration  zone).  These 
two  zones  are  separated  by  the  tran¬ 
sition  layer. 

At  the  nearest  vicinity  of  the 
anode  we  have  the  electrons  flowing 
toward  anode  with  the  axial  drift 
velocity  of  the  order  10^  m/s.  Hence 
we  can  expect  the  appearence  of  ion 
sound  instability  of  the  plasma 
fluctuations  [see  e.g.  3],  since 
then  we  have  the  electron  fluid 
penetrated  by  the  ion  beam  with  the 
supersonic  velocity.  It  was  proved 
in  [4],  that  in  such  a  case  the  non¬ 


linear  phenomenae  and  coUisional 
dissipation  can  provide  to  the  shock¬ 
like  solutions.  The  equations  mode¬ 
ling  the  SPT  plasmas  are: 

3n  /dt  +  3(n  U  )/dz  =  an  , 

e  e  ez  e 

3n./3t  -I-  3(n.U.)/3z  =  an^, 

3W  /3t+  W.3W./3Z  =  eE  /M  - 

ill  z 

a(n  /n.)(W.-  V  ) 

e  1  i  a 

3n  /3z  4-  E  -I-  0  U  -  ct>  n  U  .  =  0 

e  z  2  ez  h  e  t<p 

3U  ./3t  -hU  3U  Jdz  +  £t>  U  +  u  U  ,  = 

e<p  ez  e<p  b  ez  2  e(p 

0 

fi  3E  /3z  =  e(n.-  n  ) 

0  z  i  e 

where  the  indices  {e,i,t}  denote 
electrons,  ions  and  atoms,  while 
{z,<^}  axial  and  azimuthal  components 
repsectively.  n^,  U^,  and  are 

the  respective  densities  and  velocity 
components,  is  the  electron  cyclo¬ 
tron  frequency  and  is  the  effec¬ 
tive  electron-dielectric  wall  col¬ 
lision  frequency  (the  diffusion  ref¬ 
lection  was  assumed  following  [5]). 

These  equations  were  solved  by  ap¬ 
plying  the  singular  perturbation  me¬ 
thod,  where  in  the  range  of  transi¬ 
tion  layer  the  length  scale  were 
shortened  in  order  to  describe  the 
shock  profile.  Outside  the  transition 
layer  SEJdz  were  taken  «  0  in  this 

approximation.  Here  we  present  the 
examples  of  solutions  (Fig.  1  -5-  4). 
Calculations  were  performed  for  the 
following  values  of  Stationary  Plasma 
Thruster  parameters 
inner  radius  =  4.5  cm; 
outer  radius  =  6.5  cm; 
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length  =  2.0  cm; 
electric  current  =  4.5  A, 
mass  supply  =  3.5  mg/s; 

Bmax  =  130  Gauss  (at  the  exit); 
neutral  atom  velocity  =  500  m/s; 

and  initial  conditions  (plasma  para¬ 
meters  at  the  anode): 

electron  temperat. (z=0)  2.5  -j-  5  eV 
ion  densityiz=0)  2.5 -h  6.0  x  10‘°cm'^ 
ion  velocity(z=0)  500  m/s 
It  is  worthwile  to  point  out  that 
that  in  case  of  lower  initial  values 
of  ion  density  and  temperature  the 
transition  layer  is  moved  to  the  re¬ 
gion  of  toger  B  and  as  a  result  the 
ion  density  just  before  the  layer 
strongly  increases. 


Electron  density  distribution 


Electron  temperature  distribution 
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Microwave  plasma  assisted  chemical  vapour 
deposition  is  widely  used  for  the  growth  of  diamond 
films.  Among  the  parameters  that  can  affect  the  process 
the  total  gas  pressure  is  an  important  one.  It  is  known 
that  at  high  pressure  the  discharge  is  a  small  plasma 
ball  situated  just  above  the  substrate  holder,  without 
contact  with  the  wall  of  the  reactor  and  the  carbon  film 
is  made  of  diamond  [1].  At  low  pressure  the  discharge 
take  up  a  larger  volume,  limited  by  the  wall  of  the 
reactor  (quartz  tube)  and  the  deposited  film  is  made  of 
graphite.  We  will  point  out,  using  dynamic 
actinometry,  that  the  plasma  chemistry  in  the  gas  phase 
as  well  as  in  the  plasmas-film  system  is  also  modified 
by  the  pressure  change. 

The  experimental  device  has  been  described 
elsewhere  [2]  and  for  each  experiment  a  diamond  film 
of  standard  quality  is  present  on  the  substrate  holder  in 
the  microwave  discharge.  The  gas  mixtures  sustaining 
the  discharge  are  :  98.6%H2  -  0.4%CH4  -  1%N2  at  1.5 
Torr  and  98%H2  -  1%CH4  -  1%N2  at  60  Torr.  The 
dynamic  actinometry  [3]  consists  in  the  study  of  the 
evolution  with  time  of  the  relative  concentration  of 
some  species  after  one  of  the  gas  lines  feeding  the 
reactor  (CH4  or  N2  )  has  been  cut  off.  The  evolution  of 
[H],  [CH]  and  [CN]  are  shown  respectively  on  figures 
1,  2  and  3  at  1.5  Torr  and  on  figures  4,  5  and  6  at  60 
Torr. 

At  low  pressure  the  cut  off  of  nitrogen  in  the  gas 
mixture  induces  a  decrease  of  the  concentration  of 
atomic  hydrogen  (fig.  la).  We  can  speculate  that 
vibrational  excited  states  of  nitrogen,  as  they  have  a 
sufficiently  high  energy,  can  promote  the  dissociation 
of  the  hydrogen  molecule.  After  methane  cut  off  [H] 
increases  sharply  and  after  1  minute  remains  constant 
with  a  value  40%  higher  than  its  initial  value.  We  have 
already  observed  [4],  that  at  low  pressure  the 
introduction  of  methane  in  the  discharge  induces  a 
sharp  decrease  in  the  electronic  density.  The 
elimination  of  methane  from  the  discharge  can  thus  be 
responsible  of  an  increase  of  the  density  of  electrons 
and,  as  electronic  collisions  is  the  main  process  for 
atomic  hydrogen  production,  of  an  increase  of  [H]. 

At  high  pressure  (fig.  '4)  the  evolution  of  [H]  is 
different.  The  atomic  hydrogen  concentration  increases 
after  nitrogen  cut  off  and  decreases  after  methane  cut 
off.  In  this  case  the  effect  of  the  gas  mixture  changes  on 
the  electronic  density  is  not  so  drastic  and  chemical 
effects  are  more  important  than  direct  electron 
collisions  in  the  process. 

The  relative  concentration  of  the  CH  radical  after  cut 
off  of  nitrogen  increase  sharply  and  then  stays  constant 
(fig.  2a  and  5a).  The  atomic  nitrogen  reacts  with 
carbonated  species  such  as  CH  in  order  to  produce  CN, 
which  is  more  strongly  bound.  Introducing  nitrogen  in 
the  discharge  results  in  a  decrease  of  the  relative 
concentration  of  carbon  deposition  precursors.  After 


the  cut  off  of  methane,  [CH]  decreases  sharply  but, 
depending  on  the  pressure,  it  vanishes  (fig.  5b)  at  high 
pressure,  but  stays  constant  at  40%  of  its  initial  value  at 
low  pressure  (fig.  2b).  Even  if  no  gaseous  carbon 
source  is  present  in  the  reactor,  CH  can  be  produced  by 
interaction  of  H  with  carbon  films.  At  high  pressure  the 
plasma  is  close  to  the  diamond  film  and  far  from  the 
walls,  as  H  is  not  an  etchant  of  diamond  the  production 
of  CH  vanishes.  At  low  pressure  the  plasma  can 
interact  with  the  walls  of  the  reactor  where  non 
diamond  carbon  is  unvoluntary  deposited,  which  is 
etched  by  H  to  produce  CH. 

After  the  cut  off  of  nitrogen,  the  relative 
concentration  of  CN  decreases  sharply  and  vanishes 
(Fig.  3a  and  6a).  This  result  shows  that  N  or  CN  are  not 
present  on  the  carbon  film  :  adsorption  or  incorporation 
of  nitrogen  in  the  film  is  thus  not  detectable. 

After  the  cut  off  of  methane,  [CN]  decreases  sharply 
and  then  remains  constant.  Thus  CN  results  both  of 
interactions  of  nitrogen  with  carbonated  species  in  the 
gas  phase  and  of  the  etching  of  the  carbon  films  by 
nitrogen.  Contrary  to  hydrogen,  nitrogen  can  etch  both 
diamond  and  non  diamond  phases. 

In  order  to  prove  our  assumptions  concerning  the 
production  of  carbonated  species  without  methane  in 
the  discharge  by  plasma-surface  interactions,  we  have 
carried  out  an  experiment  at  60  Torr,  after  the  cut-off 
of  methane,  and  after  removing  the  substrate  holder  out 
of  the  discharge  (Fig.  6c)..  In  this  case  neither  gaseous 
nor  solid  sources  of  carbon  are  present  in  the  device.  In 
this  case  the  CN  concentration  decreases  sharply  during 
two  minutes,  corresponding  to  the  elimination  of  the 
methane,  the  decrease  is  slow  during  10  minutes 
corresponding  to  the  elimination  of  solid  carbon 
pollution  in  the  reactor  and  then  vanishes. 

The  dynamic  actinometry  is  complementary  to  other 
diagnostics  methods  and  allows  us  to  point  out  the 
participation  of  plasma  surface  interactions  in  the 
production  of  some  species,  leading  to  a  better 
knowledge  of  the  global  process  of  diamond 
deposition. 
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Fig  1 :  Evolution  with  time  of  [H]  after  cut  off  of 
a)  nitrogen  b)  methane  at  1.5  Torr. 


Fig  4:  Evolution  with  time  of  [H]  after  cut  off  of 
a)  nitrogen  b)  methane  at  60  Torr 
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Fig  2:  Evolution  with  time  of  [CH]  after  cut  off  of 
a)  nitrogen  b)  methane  at  1.5  Torr. 
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Fig  5;  Evolution  with  time  of  [CH]  after  cut  off  of 
a)  nitrogen  b)  methane  at  60  Torr 
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Fig  3;  Evolution  with  time  of  [CN]  after  cut  off  of 
aj  nitrogen  b)  methane  at  1.5  Torr 
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Fig  6:  Evolution  with  time  of  [CN]  after  cut  off  of 
a)  nitrogen  b)  methane  with  substrate  c)methane  without 
subsmate  at  60  Torr. 
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